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ABSTRACT 
The technique of flash photolysis - kinetic absorption 
spectroscopy has been used to determine the absolute rate constants 
for the reactions of halomethylidyne radicals, CF, CCl, CBr, with 
hydrocarbon substrates. 

CF (XI), C01 (X2m1) and CBr (Xm) were produced by flash photolysis 
of substituted dibromomethanes, CHXBr,, ( X = F, Cl, Br, respectively). 
The rate constant for the reaction of halomethylidyne with a substrate 
was derived from the increase in the observed decay rate of halo- 
methylidyne relative to the background decay rate. 

The rate constant for CBr reaction with isobutane was determined 
to be k = 2x 10° exp(-3.9/RT) M'sec”!. The reaction is concluded 
to be insertion into the tertiary carbon - hydrogen bond. 

CF, CCl and CBr are less reactive than CH due to the back 
donation of electrons from the halogen and consequently display more 
selectivity in their reactions. The reactivity with alkenes is found 
to be CF <CCl <CBr and demonstrates the electrophilic nature of halo- 
methylidyne radicals. The observation that the rate constants increase 
with increasing alkylation of alkenes and the linear correlation 
between log kK. and ionization potential of alkenes also demonstrate 
this electrophilic character of halomethylidynes. The reaction with 
alkenes is concluded to be cycloaddition to yield the cyclopropyl] 
radical. 

Arrhenius parameters for the reaction of CBr with alkenes were 
determined. Activation energies are negative and decrease with 


increasing alkyl subsitution. The Arrhenius plot for the reaction with 


2,3-dimethyl-2-buténe was found to be curved. 
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The reactions of CBr with alkynes have the same features as for 
alkenes and the reaction is concluded to be cycloaddition to form the 
cyclopropenyl radical. 

The salaconsradicals, Sil and SiCl5; were observed in the flash 


photolysis of SinCl,. The spectrum of SiC, was due to the transition, 


'B, - Ge with a vibrational progression involving the bending 


frequency of the upper state, Vo" = 148 cm! The electronic energy of 


the 'B, state was estimated to be 30295 cm! 


In the flash photolysis of SiBr,, the silicon radicals, SiBr 


4? 
and SiBrs are observed. The previously unreported electronic absorption 
spectrum of SiBr, is assigned to the transition 1B. = "h and the 


] 
electronic energy of the upper state is estimated to be 27600 cm! 
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I. INTRODUCTION 


"Carbyne" is a commonly used term referring to a monovalent car- 
bon species which has a single, covalently bonded substituent. The 
Chemistry of these molecules is of interest since they are part of the 
family of carbon radicals comprising also trivalent carbon radicals, 
divalent carbon species called carbenes and carbon atoms. The reactions 
of trivalent carbon and carbenes have been extensively studied (1,2) and 
those of atomic carbon are becoming known (3). Little is known about 
carbyne reactions because their highly electron deficient nature makes 
them very reactive, unstable species, difficult to generate cleanly 
under conditions favorable to kinetic-mechanistic studies. 

To date only a few carbynes have been studied. CH, CF, CCl, CBr 
and CCN have been observed in spectroscopy and CCO,Et has been post- 
ulated as an intermediate in liquid phase studies. The CH molecule, 
officially called methylidyne, occurs naturally in interstellar space. 
In the laboratory, carbynes are produced in low yield by energetic de- 
composition of suitable compounds, for example, in hydrocarbon flames. 
These decompositions, however, generally yield other reactive species 
making product analysis difficult and mechanistic interpretation spec- 
ulative. The majority of carbyne reactivity studies have been carried 
out by observation of the decay of the carbyne spectra. 

The reactivity of electron deficient species such as carbenes 
and group VI A atoms is usually dependent on their electron configura- 
tions. Carbynes have the following ground state electron configura- 


tions: methylidyne, CH, ape In’: 


CCl. CBr. GENS cathiace sui. The carbon atom can be thought of as being 


halo- and cyanomethylidynes, CF, 


in a sp hybridized state and therefore can use p orbitals to overlap 
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with substituent p orbitals to form nm orbitals (Fig. I-1). The electron 
deficiency of the monovalent carbon may be compensated for by delocal- 
ization of these pm bonding electrons onto the carbon. The amount of 
delocalization will be dependent on the degree of pt orbital overlap and 
the electronegativity difference between the carbon and the substituent. 
In other terms, the electron deficiency of the carbon may be alleviated 
by electron donation from different substituents. For methylidyne, CH, 
there is no possibility of pm overlap and this should result in an ex- 
tremely high reactivity. Substituents capable of pm overlap should 
greatly modify this reactivity, suggesting the following series: 


CH>CCOEt>CCN>CBr>CC1>CF . 


Z 
The outer electron pon nunaiion of carbynes, Bae gives rise 
to doublet spectra, hence the name doublet state carbyne. Carbenes can 
have electron configurations, 6° or ap. giving rise to singlet and 
triplet states respectively, which have different reactivities. On the 
basis of spin and orbital considerations, doublet carbynes are expected 
to be similar to singlet carbenes. Studies on singlet carbene reactions 
have indicated that their electrophilic character is modified by elect- 
ron donating substituents (4). 

Therefore, we would expect electron deficient carbynes to be 
highly reactive electrophilic species whose chemical reactivity should 
be modified by pa electron donating substituents, similarly to the case 
of singlet state carbenes. 

; A, Molecular Properties of Carbynes 
1) Methylidyne, CH 

From molecular orbital theory (5), CH has the electron config~- 
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uration (1s0)*(2s0) 2p0)*(2pn) | resulting ina on, electronic ground 
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FIGURE I.1a) Orbital Occupancy of CH b) Back Donation 


Effect of Carbyne Substituents 
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state. This is in agreement with experimental observations indicating 
that the ground state is on. Since the energy difference between 2po 
and 2pn is small, the lowest excited states are obtained, not by bring- 
ing the 2pr electron to higher orbitals, but by transferring an electron 


from the 2po to the 2pm orbital. The resulting configuration K(2s0)¢ 


(2p0) ! (2p)? gives rise to four electronic states, oe en, ent 2+ 
(Fig. I-2). The transfer of 2pm electron to higher orbitals results 
in Rydberg transitions. 

The CH molecule is of great astrophysical interest since it oc- 
curs extensively in stellar atmospheres, comets and interstellar space 
where its spectrum has been detected (6). The spectrum has been ob- 


served under a variety of conditions (7-10, 15) and consists of the 


following transitions. 


Transition Wavelength (nm) 
Af = xn 430 
Beene 390 

er es 313 

pom Sex tT 169.5 
Beit Sta 15547 
Pen Sea Te 155.0 
Mele tg 300.7 
Rydberg Series G - x2 T37 


The ats” state has been detected 17 kcal mole | above the ground 
state (16,17). The experimental spectroscopic constants for CH have 
been reproduced quite well by theoretical calculations (18). Recently 
laser techniques have been employed to monitor the CH molecules. Laser 


induced fluorescence of the A-X transition has been used to detect 


oes asi berr coor rawr pe diiw roms 
eat nao ed i hihlidek yptens: od gant? ¥ et otitt 6 
-pited ya Jon . tertile en Sea taei aks Sasi Sa? a mies 
nostoel@ a6 prin erienent VO Spe celeardae “titel bs ecrehaeily it 
*(uaS}e sett Tas om yticey eat fet lide wes ot? os 8 
‘i i oe pafsta ofansysel2 satt of wer9 one Coat Ca 
satieey iladid wo “maptd eg eneiats qt Yo we harang wt Atel. 


oolyionew badd 


ai Syetst foltewrweed yea too? eiuaelen saiaiilt 


4jtge as rj $66) (i> aionng vain seltaga af undp 
“10 ond 2af cyurticega’ ont) . [aD eedaotes anbd eed mintoede 21° 5 
M3 Yo. 2teia%00 lcd (2) =) aantdbieto Yo elefuay a seh ft 
enor ST enas an . . 


tev aad nahetaart Vt 


aa 
‘° ee a uth hy 
> Se “a “re 
a Se, Go aye Sy yale eens 


or 
"ent | ‘stan fet) TY beecandial men wai pee sie wate 
ae eas 8 rinetines atndaionsoaye (atneuryaque pdt Asta 
; _ ee 


ian “4 8BT) cossabilya actenspen wv. tte 3 
ame Ws babes ratierhe nt 


“ee oun 
. ar: aa ve oa? im 
= ; ; : 
7 


i] ' | t 
2pn orbitals siden yD aah gos) 00 SaaS ee ee a em 
' ' ! : 
2po orbitals AY 1 ok ! Pe ay: Reamer: 
! I 
' ! i] - 
Spectroscopic x? 7 at neo Bos “ cot 
States 
1 
Electron ees ] 
Configuration ...2po°2pnr ! 2po 2pr 


Fig. I-2 Representative Electron Arrangements corresponding to the 
Spectroscopic States arising from Electron Configurations of 
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CH (x¢r) radicals in flames (19), to measure radiative lifetimes (14) 
and to observe CH as a product following the multiphoton laser dis- 


sociation of several compounds (20-23). 


2) Halomethylidynes, CF, CCl, CBr 

- The halomethylidynes have electron configurations which can be 
written in Mulliken notation as ee Therefore they would all 
have ar ground states. This electronic configuration is considerably 
different from CH. First there is the presence of filled wa bonding 
orbitals and secondly the vr orbital is a molecular antibonding orbital 
whereas in CH the 2pn orbital is basically the same as an atomic p- 


type orbital. The first excited electron configuration is expected to 


be iwi xe vac resulting in the same four electronic states as in CH. 


a) Fluoromethylidyne, CF 

The spectroscopy of fluoromethylidyne has been extensively studied 
Since its electronic configuration is isoelectronic with NO. The 
electronic emission spectrum is observed by decomposition of CF, or 
other fluorocarbon vapors by electrical discharge (24-28) or in flames 


containing CF, (29). The spectrum consists of a violet degraded band 


system, neste xq, in the region 256-223 nm, and a red degraded band 
system, BoA ~ Mar in the region 220-197 nm, The observation that the 
nest state is much more strongly bonded than the xen and BoA states 


suggests that it is the lowest Rydberg state having ...wn 4 Xo : 03S 


configuration (28). The BoA state is assigned to the expected 
We : : 
-»-WT XO Vt configuration. 


as oe x2 


The Ax I transition was observed in absorption after flash 


discharge and flash photolysis of fluorinated hydrocarbons G30-3 1). 
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The BoA - x71 absorption spectrum resulted from the vacuum ultraviolet 
photolysis of methyl fluoride in a low temperature matrix and also pre- 


sent was the CF infrared absorption at 1280 cm 


et ~ xen and BoA ~ Mai Systems has been detected fol- 


(32). Recently emis- 
sion from the A 
lowing laser decomposition of fluorinated methanes (33,34). Modern 
laser techniques have given precise measurements for vibrational and 
rotational transitions in the xen ground state (35,36). The observed 
esr spectrum of CF was interpreted as indicating that fluoromethylidyne 
has considerable double bond character (37). The electronic dipole 
moment of CF was found to be considerably larger (0.65 D) than that of 
isoelectronic NO (0.159 D) as expected on electronegativity grounds. 
The enthalpy of formation is fairly well agreed upon as 60 + 2 kcal 


] 


mole (38,39). This value gives a dissociation energy, D, OT fol 


2 kcal mole”! which can be compared to the average bond energy in CF, 


oreriynCet moter & 


The results from multiconfiguration Hartree-Fock 
calculations indicated that, in the Mar ground state, the fluorine 2pn 
orbitals have been delocalized onto the carbon and the CF o bond is 
highly ionic (40). 

All of the above results indicate that the fluorine substituent 
is acting through resonance and inductive effects to stabilize the 
electron deficiency of fluoromethylidyne. The electron donating re- 
sonance effect can be represented by extra canonical forms involving 


rearrangement of electron pairs as shown below in structures A and B. 


The electron attracting inductive effect is represented by structure C. 
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The stability and bond strength of CF compared to CH demonstrates the 
important contribution of these structures to the electronic distribu- 
tion in fluoromethylidyne. 
b) Chloromethylidyne, CC1 

There is only one well documented electronic band spectrum of 
the chloromethylidyne molecule whose emission has been seen in electric 
discharges through chlorinated compounds (41-44) and in flames con- 
taining chlorinated compounds (45). This spectrum, which lies in the 


region 290-270 nm, has been assigned to the AeA - x2 


I transition on the 
basis of rotational analysis (46-49). This transition has been ob- 
served in absorption following the flash photolysis of many chlorinated 
Organic compounds (50-56). Tyerman observed another absorption at 
230 nm which was assigned to a Bos - xen transition (57) in agreement 
with the absorption spectrum of matrix isolated CCl (92). Laser 
techniques have been used to measure vibration-rotation spectra in the 
ground state (58) and to detect CCl via laser induced fluorescence of 
the Aca - Mar transition (59). 

The current value for the enthalpy of formation of CCl, 119 


kcal mole” | 


(60) gives Dg(CC1) = 81 + 5 kcal mOLe i. In comparison 
to CF chloromethylidyne is a more weakly bonded molecule. The spectrum 
of CCl yields far fewer transitions than its isoelectronic counterparts, 
Saree Os INS 6lep 62). 
c) Bromomethylidyne, CBr 

Bromomethylidyne is the poorest characterized halomethylidyne 


because its emission spectrum has not been observed. It was thought 


that the 290 nm emission band observed in flames containing brominated 
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hydrocarbons was due to CBr (63-65), but is was later identified as Br, 
(66,67). CBr was first seen in absorption following flash photolysis of 
some bromomethanes (50,51). The spectrum which occurs in the 300-306 


2 C 


nm region has been assigned to a “A(a) - “M(a) transition (68). Two 


diffuse bands at 250 nm, which were observed once (57), have been 
assigned to a Ber? - xen transition. 
The enthalpy of formation of CBr is listed as AH’ = 123 + 15 


| (60) giving D,(CBr) = 75 £15 kcal HoTen 


kcal mole These values are 
comparable to those of CCl. Likewise, CBr has a limited spectrum com- 
pared to its isoelectronic molecules SiC1l, GeF, NSe, PS, AsO (61). 

The spectroscopic molecular constants of the halomethylidynes 
are listed in Table I-] and indicate certain trends. Thus the electron 
donating properties of the halogen substituents become evident in the 
bond strengths. The bond dissociation energies and bond lengths, when 
compared to other molecules containing the C-X bond, Table I-2, point 
to the bonding effect of the delocalized wr electrons. The magnitude 
of the spin-orbit coupling constant (A) in the ‘n, ground state of halo- 
methylidynes has been interpreted as indicating the delocalization of 
the wm electrons (68). These results consistently agree with the bond- 
ing description of halomethylidynes given above. 

Of the three halomethylidynes, the physical properties of CF are 
known the best (61). Interestingly, in contrast, the chemical proper- 
ties of CF are the least known compared to the other two halomethylidynes, 
as will be discussed later. 

3) Cyanometnylidyne , CCN 
The transient absorption spectrum of CCN was observed after the 


flash photolysis of diazoacetonitrile (70). Rotational analysis 


oid ae hettisvab? sre new # td: (00-08 i) og: all 
wm eheylotetq tent quitwol ba neibebrande nt vee? sean @ 
MONE 4 14 4. af eres Poly Mert onite saad tS man, 
it (80) onittet (afr = Tsien sot ee 


aunt svt’ .1E) Sone RRyisetin stew ATi AT) ues setae 
, : My 
nots tena! ” i 1a | ott 


. wat2ttsat gad ho nett? Jor vette: at 

Fey ata “okt Tapeere ot he a artery ar Ve 

a0 3 | [ Seg bie Th pt tee bl an 74 ile 

(ie) Oar 2.0! JU Site, hl sion Sinan 

wi} +e 2 panes yale stnbianeltaaegen allt 4 

ronia oid cuit be oF ne” bplbn? oss PTvaetak4 | 

yan 7 sros44 dtenetediies wees sie Ag ees 

lpi ive Pra vay5 ant “oesble heb on, 6 ae 

2 Fx Sa net k= SAT ONE POMP 261 oar new) 

eu teal 119 25 @ ww, BOst Teo) a La Ww ) $308he ile 

Sierl: 10 97g Uraip ut 9. Whol) Tis 209 ee, | | 
arb (sAanTsb. ott On Sent OB on batercragh hs Agee asl aannebl ty 

Hine id (Mwy ab nap ea la nents Shiva Bagel ay snntpinca 

re, sige riwy f 2vrybi Iydtenin tis Jo neigh 

8 3d To sattrnnorg /Aarayhy AE -ehdeun it voto angle oa utd snd W,. 


ae 
= 


+ 


sateen. bests ant ash AP var sSeater UCRp weed ails 

1 GORDA hte! mm! dete oay og HTB ICD nigel eet art ots 2 Yea 
| i | 9 one eseauna tthe 
re 60 sina a 
7 1 om ‘ 

-_ ra: byersads ADw Dd tw ee omar ie ue al a 
aheytine anstaNa GR. ad aty. t teeta mee J 


bl 
: | , 
a)  & a ite 


Table I-1 Molecular Constants of Halomethylidynes. 


CE 
AH. (kcal mole” !) 60+2 
D. (kcal mole!) 13142 
u(D 0.65 
r (A) Pa 
AQ (om7!)4 77 
we fem-!) 1287 
Transitions b (nm) 
Seether 202.7 
o aGr 233.0 


a - Spin orbit coupling constant 


b - wavelength of band origin 


Table I-2 Bond Lengths and Energies of the _C-X bond. 


BE 
a 
RaDee (CX, ) te 
(kcal mole!) 
©, (69) 

r (A) 
H4C-X 1.381 
HAC = CH-X i372 
HC = C-X laze 


a - average bond energy. 
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indicated that the three bands observed at 470, 446 and 375 nm be- 


@ en and cet - ear transitions re- 


longed to the AZa - Xn, Box” - X 
spectively. 
B. Generation of Carbynes 

Due to their chemical instability, carbynes are difficult to 
generate in mechanistically clean, low energy processes. Several 
problems arise in carbyne generation. First is the choice of suitable 
precursors. Second is the application of appropriate high energy de- 
composition techniques. Last is the parallel formation of other reactive 
intermediates which complicate the analysis. 
1) Methylidyne, CH 

The most common precursor for the CH molecule is methane. The 
absorption spectrum of methane is continuous in the region 110-140 nm 


and vacuum ultraviolet photolysis in this region can result in the 


following primary processes. 
AH (kcal mole”) 


CH, ae le +H 103 
Seperate + Hy 108 
——> CH + Ho +H 209 
ee 2H. 189 


The relative importance of these primary processes is still unclear 
because the methyl and methylene radicals are formed with excess energy 
and their reaction pathways are uncertain (71,72). The quantum yield 
of CH formation was determined to be 0.004 at 123.6 nm and 0.23 at 
105-107 nm (71). In the high intensity flash photolysis of methane, 


the presence of CH was confirmed by its absorption spectrum (/3)e) The 
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formation of CH may occur through a) the dissociation of primary 
products CH. and CHa b) the secondary photolysis of CH. and CH, 
and/or c) the direct photolytic dissociation of CHa. CH(A“A) emission 
has been seen following the photolysis of diazomethane and diazirine in 
the vacuum ultraviolet (74,75). 

CH has been postulated to be formed in the vacuum ultraviolet 
photolysis of CHBr., () > 165 nm) on the basis of the detection of 
acetylene in the reaction products and also the presence of certain 
infrared emissions (76-78). Methylidyne was thought to come from the 
sequential three photon dissociation of CHBr 3. However, in other flash 
photolysis experiments on CHBr 3, only CBr has been observed in absorp- 
tion and no spectrum due to CH has been seen (50,51,57). Comparing 


the reaction enthalpies of the two competing processes, it is not sur- 


prising that CBr is more likely to be formed: AH (kcal mole!) 


CHBr eect bh 7 BY Ho eat 
See ce Br eo D6aer ke 
It must also be pointed out that ultraviolet multiphoton ArF (193 nm) 
laser photolysis of CHBr.. has produced the Aen and Mai states of CH (79). 
Emission from c('P,) and C., Cur ; c'n) excited states was also de- 
tected, indicating the high energy input from multiphoton photolysis. 
The ArF (193 nm) and KrF (248 nm) laser photolysis of methyl halides 
has indicated that a two photon absorption process produces excited 
State CH (AC, Bost) (22). Methylidyne has been produced from the 
ultraviolet and infrared multiphoton photolysis of several compounds 
(20-23, 80, 81). 
The adiabatic flash photolysis of acetylene and diacetylene 
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yielded the CH absorption spectrum (10,82). The extremely high 
temperatures resulting from the flash are responsible for the methyl- 
idyne formation, as in hydrocarbon flames. 


CH is also produced from the pulse radiolysis of CH, (83,84). 


4 
It is unclear whether it is formed by an ionic mechanism or neutral 
excited fragmentation. Wolfgang et al (85,86), from their studies of 
carbon atom reactions, postulated CH as a reactive intermediate. The 
presence of methylidyne was inferred by product analysis and thought 
to result from the decomposition of excited methylene formed from the 
following reaction. 

eee ee Ot Ha 


Cath CH 


ee 

a 2 
Thrush et al. (87) thought that CH was responsible for certain 

reactions resulting in infrared emission and postulated that it arises 


from the metathetical reaction between methylene and a hydrogen atom. 


CH, +H Sener ce Tet 


In general, it can be seen that the production of CH results | 
from the high energy decomposition of suitable precursors or the 
reactions of energetic intermediates. Due to the excess energy carried 
by the fragments and the concomitant formation of other reactive inter- 


mediates, it is hard to identify the mechanisms of CH formation. 


2) Halomethylidynes 

The same general techniques and problems discussed above for the 
production of CH also apply to the generation of CF, CCl and CBr. These 
halomethylidynes are, in general, produced by decompositions of halo- 


genated methanes. These are highly endothermic processes as shown 
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by the following examples. 


AH (kcal mole!) 


CFC. a Che Cl, +°Cl 159 
CCl, ——» ((] + Cl, wg LZ 
ila ———> CBr + HBr + Br yas) 


a) Fluoromethylidyne , CF 

CF has been the most widely observed halomethylidyne. This is 
understandable, since the relative stability of CF, compared to other 
halomethylidynes, should make it more amenable to study. 

Simons and Yarwood (30,51) observed CF following the flash 
photolysis of di- and tribromofluoromethane and proposed that it results 
from the secondary unimolecular decomposition of energized radicals 


produced in the photolysis. This mechanism will be discussed more 


CHFBr. + hu(a > 165 mm) — CHFBrt + Br 


2 
CHRBrt = =-- CF + HBr 


fully in connection with CCl. 
The production of CF in the vacuum ultraviolet photolysis (\ = 


147 nm) of freons (CFC1,, CF,C1,, CHFC1,) was postulated on the basis 


Bd hey ale ag 2) 
of observed reaction products (88, 89). The quantum yield of CF from 
the photolysis of CHFCT, was derived to be 0.1 + 0.002. 


T 


CHFC1, + hu(A = 147 nm) - CF + HC1 + C1. AH = 134 kcal mole 


2 


Other radicals produced in the photolysis are CHFC], CHF and Cl. This 


photodissociation mechanism receives support from the observation of 
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the infrared and ultraviolet spectra of CF following the vacuum ultra- 
violet photolysis of CH.F (32). 
The focussed ArF (A = 193 nm) laser photolysis of CF 


2 
ot BoA excited states of CF 


Cl. and 
CF Br. resulted in the formation of the A 
(33,34). The emission spectra from these states had a laser fluence 
dependence of ~3 indicating that absorption of three photons was re- 
quired to produce these excited states of CF. This corresponds to an 
energy input of 444 kcal mole” | which is more than enough to produce 
CF(B2a), indicating the partitioning of energy among the various 
photolytic fragments present. The excited ('B, ) and ground (‘A,) 
states of CF. were also produced in the photolysis of CF ACI... In the 
Ar F photolysis of CF Bro, emissions from several molecular transitions 


ae 2 1 ie (ip 


were noted: CF (A eX ail canGtelB tis 6X. Tec Ch ' 'A,) and Br 


ee] 2 
b) Chloromethylidyne, CCl 


The most detailed studies on the generation and reactivity of a 


halomethylidyne have been done on CC1. Simons and Yarwood (50,57) were 


the first to make a systematic study on sources for chloromethyl idyne 
by investigating the flash photolysis of a series of halogenated 
methanes and concluded that chloromethylidyne was generated by the 
decomposition of a vibrationally excited halogenomethyl radical formed 
in the primary photolysis: 

CHCIBr, + hy ———»  CHCIBrl + Br 

cHciBrt ——> CCl + HBr 
This mechanism is based upon the following observations: 


- the intensity of the CCl absorption was linearly proportional to the 
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flash energy, which was interpreted as indicating a one photon 
process producing halomethylidyne. 
- the energy of the absorbed light far exceeds the bond dissociation 
energy of the carbon-bromine bond in the halomethane, hence there is 
a large amount of excess energy available. Dissociation of the weakest 
carbon halogen bond is the general primary process in the photolysis 
of halomethanes (60). 
- the intensity of the CCl absorption was found to be pressure de- 
pendent, indicating a quenchable precursor. 
- the corresponding haloacid, HBr, was identified in product analysis 
as well as radical combination and disproportionation products re- 
Sulting from the halogenomethyl radical. 

This mechanism was supported by the results of Husain (52) who 


observed CCl absorption in the flash photolysis of CCT NO and proposed 


the following steps: AH (kcal mole”) 
CC14NO + hy (A > 190 om) — Gee + NO 42 
ae! ——+ (Cl + (Cl, 101 


The intensity of the CCl absorption was linearly proportional to the 
flash energy which was interpreted as indicating a one photon process 
producing CCl. The absorption spectrum of NO indicated that the nitric 
oxide produced by photolysis was not vibrationally excited. Therefore 
it was believed that the excess energy available after photodissociation 


was in the CCl. radical which decomposed to CCl and Clo. 


3 
Chloromethylidyne was also generated by Tyerman (55,56) in the 
flash photolysis of a series of 1,1 - dichloroethylenes. A mechanism 


was proposed whereby CCl was produced by secondary photolysis. 


. ni 
=y 


Patt a4 6 G@eVapo rtp ee ratarqiasnt tow : 
sre! heck pemaiel aif. 

meron wih Wroll WH SieeeanS ea yg pe aves Me Hee 
| nit steel ON Tete ASW Orie on nar a 
iw. 5H ot tsi maze? .oféefrave vovers eagcke tea 
oO Gv (i DAISY arin wy i stadat ‘silt. 2? tral. 

=a OR 4 


av 


it ee rat ard Oars js ott Wey 
igliunaety etecinee & weet 
baRicaset cow Veh: i cee ae ate 
faidhr sag pets | ene nay ote Pope) fadtons ad 
epee? Aocaregiter: att trp 

“ugan et on Kod pole et ned evan vitfirg 
érevintoda dealt ote at nat tonnads FRY 

) | ape i | 
de. tye aie 2 a es MLD, 


ao it Taped Spogong yPepay ht jeow Agee aed may’ oth. to e 
mig ta hone Si & OP JAD mA OS Gapanyrsant oe, necgietpr: 
srt ate saa) ‘bercoloe] DA % aah ade oe tibial att nhs ; 


t., 


Seto? aFiong - ciate $cy zen ee “il basen 
' : » i Slend aA # oI 
| npdap ahaa hes ots vay?s ofdnt tun yp rene ego0u9 gi] sud ta od ae mt 


= * i 


: - ‘ ) ‘one AD bindu wal 3 ‘ie Teles vias Kind ils ; 


eda bhiet A) a8 meni el imap eines cate am sent 


~ cman A. 880 sbatseomsliohb 1 V7. ee r 
ear * aPex — “7. ae aa OQ ie 
oe 


a iy 


= 


Cea eC ta me 2 CF, + CCl. 


CCl, See eer CCE tC) 
It is interesting to compare these results with those of Simons and Yar- 
wood and Husain. Tyerman also observed that the CCl absorption inten- 
sity was proportional to the flash energy. However, he proposed a two 
photon process producing CCl, contrary to the one photon process sug- 
gested before. The discrepancy is believed to be caused by different 
spectral resolutions resulting in different relationships between ab- 
sorption intensity and concentration. 

CCl radicals have also been produced in the ArF (i = 193 nm) 
laser photolysis of CCl, and CFCl. (59,90). These molecules provide 
good examples of the high energy reaction channels that are accessible 
with multiphoton laser photolysis. 


The photolysis of CCl, yields emission from CCl (AZA ~ x*n), 
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] ] ] ray ‘ 
cC14( B aK A.) and C1A(A Nees yee) transitions. .Some ot the re 


g) 
levant reactions are listed below. =i 
SH (kcal mole) 


CO er wa be SLe tC 71 
CCl, CCl, + Cl 80 
CCl jon meee + Cl. tac 172 
The CCl, fluorescence at 560 nm had a Jaser fluence dependence of 1 
while the Cl, fluorescence at 255 nm had a fluence dependence of 2. 
This result could indicate that most of the excited CCl, photo- 


fragments are produced in reaction channels other than the ones produc- 
ing highly excited Cl. molecules. Two ArF photons at 193 nm provide 
296 kcal mole” | of energy which is sufficient to produce CCl radicals 


in the ia state (AH = 275 kcal mole): However, if the exothermicity 
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of the reaction must be partitioned among different channels, then this 
energy requirement may not be fulfilled. In accordance with this, the 
CCl fluorescence at 278 nm had an average laser fluence dependence of 
Cie 

In the photolysis of CFC]. Similar results were obtained. Emis- 
sion from CCl and Cl. was observed, along with the excitation spectrum 


of CFCl. The possible reactions are listed below. 


AH (kcal mole7!) 


Oe toe ie sil 75 
CC1 QF —— CCIF + Cl. 90 
CC1.F ——> CF + Cl, at LPs!) 
CCI 4F ——_—» (Cl + Cl. ga 208 
CC1.F pe OMe Clete Gl 206 


The CCl fluorescence had a laser fluence dependence of 3 in agreement 
with the thermochemical requirement. It is interesting to note that no 
emission from CF was detected although this does not preclude the form- 
ation of ground state CF (x21) which may be detected by its excitation 
Spectrum. In fact the production of CF from the 123.6 nm photolysis 


of CFCl, with a quantum yield of 0.04 was proposed by Rebbert (93) who 


3 
also proposed the production of CCl from the 147.0 nm photolysis of CCl, 
with a quantum yield of 0.02. These results are supported by the ob- 
servation of CCl from the vacuum ultraviolet photolysis of CHC1 ina 
low temperature matrix (92). 


c) Bromomethylidyne, CBr 


CBr has been observed only a few times. Simons and Yarwood (50,51) 
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obtained the CBr absorption spectrum following the flash photolysis of 
some brominated methanes such as CHBr and CHoBr.. Their mechanism 
for CBr formation has been discussed above. The same absorption 
Spectrum has been observed by other groups in the flash photolysis of 
the same compounds as Simons and coworkers studied (57,93,94). None 
of them was able to observe CH absorption in the flash photolysis of 


CHBr., as claimed by Lin (76-78). The ArF (193 nm) laser photolysis of 


3 
CBr (95) and CHBr has not yielded any CBr emission spectra, perhaps 
as a result of predissociation (68). 

The above discussion indicates that the known techniques for 
generating halomethylidynes involve high energy input and generally 
yield other reactive intermediates in greater abundance which will make 
the analysis of halomethylidynes complicated. 

3) Cyanomethylidyne, CCN 

The absorption spectrum of the CCN radical was obtained by the 
flash photolysis of diazoacetonitrile (70). Many other bands also 
appear. Vibrational levels of the violet system of CN, up to v" = 13, 
2,+ 2 


appear in absorption. The A - X I system of the NCO radical, the 


1e) 
Swan bands of Cy and the 4050 A group of C, appear weakly, as does the 


3 
4315 A band of CH. There is a strong transition beginning of 3400 A 
assigned to the HCCN radical and overlapping this, intense bands due to 
the CNC radical appear. 
4) Carbethoxymethylidyne, CCO.Et. 

In the short wavelength (A > 210 nm) photolysis of diethylmercury- 
bisdiazoacetate, several different intermediates may be produced due to 


dissociation of the carbon-nitrogen and/or carbon-mercury bond, such as 


carbethoxymethylidyne and a-mercuricarbene. (95) 
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(EtO,CCN,)oHg = Hg + 2N, + 2:CCO,Et 
ms biigetoNhy +e CGO, Et AANA CCODEt 
+ Hy + EtO,CCNHgCCO,Et 
+> Hg + 2NCCO,Et 


The mass spectrum of the parent diazomercurial compound showed a strong 
m/e” peak of 85 which would correspond to carbethoxymethylidyne. 
Cc) Carbyne Reactions. 

Although carbynes have been characterized spectroscopically, 
their reactions are not well known due to two factors: 

- the carbyne generating technique usually produces other 
reactive species, as was discussed above. 

- the primary reactions of carbynes will result in excited 
radical intermediates which will undergo further reactions. 
Strausz, Skell and coworkers (95) advanced the proposition that doublet 
State carbynes are analogous to singlet carbenes in their reactions 
while quartet carbynes should be similar to triplet carbenes. For 
example, the first excited state of CH, arr”, lies only 17 kcal mole | 
above the Mar ground state compared to CH, where the first excited 


state, ala lies ~10 kcal mole above xB, (60). Thus CH shares with 


deg 


CH, and certain other radicals, the intriguing prospect of two distinct 


2 
sets of chemical properties depending on the spin state. Since carbyne 
reactions have been studied to a limited extent, only the reactivity 

of doublet carbynes will be considered here and compared to singlet 
carbenes. 

1) Methylidyne 

The important factors for considering CH reactions, which wil] 


become evident, are symmetry and spin correlations and reaction enthal- 
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pies. 
Reactions of CH with atoms have only recently been reported. This 
is due to the obvious difficulties of generating CH and atoms and bring- 


ing them together for reaction as discussed by Filseth et al. (96). 


2 


Reaction pathways involving CH + H are given in Fig. I-3. The CH(X“n) + 


H(s) reaction correlates adiabatically with those of the c(3p) + 


a ] 


Ho('2..") and C(D) + Hy('ES) reactions through different surfaces with 
the assumed formation of CH. intermediates in C. or Coy Symmetry. The 
CH(X¢n) + H(*s) reaction is then expected to yield the x38 and a'A, 


] 
states of CH., and c (3p) + Hot) in exothermic, symmetry and spin 


allowed reactions. The reverse reaction was considered by Wolfgang et 


1105.80). Ini their studies ure atoms were produced by nuclear 


3p 'y and Ve states with high 


excess translational energies. In the presence of hydrogen, CH (x2m1) 


techniques in situ and were formed in 


Should be produced. 
Recently, the reactions of CH with oxygen and nitrogen atoms have 


been studied by Filseth et al. (16). For the CH + 0 reaction the possible 


exothermic reactions are listed below. AH (kcal mole!) 

EK Wee 00 b\w ash ae cold A) 2 
sae area ea -5 
Seer C0la -18 
Sn CCP) -2] 
eSB Ghee? colar rh -37 
eee sy ecolK a6 
ea = ho) -189 


The chemijonization reaction channel 2 is now generally accepted as 


being an important process in hydrocarbon flames (97) and interstellar 
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CH(c®£y*) +H 
cH(B®r")4+H 
CH(A%.)+ H 
CH(xXn) +H 
4 
0 


Fig. I-3 Symmetry correlations between CH + H and C + H, (from ref. 60) 
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space (93). The rate constant for this reaction has recently been 


-14 3 ] 


measured at 295°K to be 2.4 x 10." cm’sec. (99). Combining this rate 


cm°sec measured by 


Filseth et al. (96) gives a branching ratio of 2.5 x ona THissas: to 


with the overall reaction rate of 9.5 x 107! 


be expected as the more exothermic reaction channels should dominate. 
Reaction channel 6 is interesting because of its high exothermicity and 
the question arises as to how this excess energy is distributed. The 
exothermicity of atom transfer reactions often appears mainly as vib- 
rational energy in the newly formed bond (100). Reaction channel 6 
iS One where much of the energy released might appear as vibrational . 
excitation of the newly formed C-0 bond. Thrush et al (87) have de- 
tected vibrationally excited ground state CO in levels up to v" = 33 
(163 kcal mole!) which was attributed to the occurrence of reaction 
channel 6. Lin (76) has claimed that this reaction channel is the 
source of CO laser emission in flash photolysed CHBr 3/S0, mixtures with 
up to v'" = 18 levels of CO detected. 

The CH + N reaction was also studied by Filseth et al. (96). The 
exothermic reaction channels are listed below. 


AH (kcal mole™!) 


Wee ———— ae pene 0 
pen os) t CHESS } "25 
+ (25) + CN(A‘n) 73 
eer Ss) ft CNX -99 
Ys ) -221 


PT S86 ] 


The measured rate constant is high, 2.1 x 10 cm sec’, which is under- 


standable due to the presence of spin and symmetry allowed, exothermic 


reactions. 
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The reaction of CH with Ho has been considered theoretically by 


Brooks and Schaefer(101). For the insertion reaction they calculated the 


Bee ee HX) s 1) cn chee ea = -110 kcal mole. 
2 g ie hiie 

barrier to be ~75 kcal mole”! for least motion insertion and 4 kcal 
mole” | for non-least motion insertion. 4 

H H ! 

CoH le 

H H 

least motion non-least motion 


These results are explainable in terms of orbital interactions. In the 
least motion insertion, the CH 2p0¢ orbital would interact with the Hy 
orbital and there should be a repulsion barrier. However methylidyne 
is electron deficient in the area perpendicular to the CH bond and, in 
non-least motion insertion, this electron deficient orbital region in- 


teracts with the H C orbital and therefore this reaction pathway 


viel 
Should be more favorable. Due to the excess energy present in the 


CH. intermediate, the insertion reaction in the gas phase would become 


an overall abstraction reaction. 
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CRUX 1h) ear 


sag) ue CH, (4A") = CHy(°B, ) +H(2S) AH = -4 kcal mole” 


Formation of singlet methylene ("A,) is ~10 kcal mole™! more endothermic. 
Brooks and Schaefer concluded, on a theoretical basis, that the CH(Xm) 
reactions with molecular hydrogen were very similar to those involving 
CH BY). Rate constants have been determined for the CH + Ho reaction 
and are listed in Table I-3. From the above discussion, the reaction 
is anticipated to produce ground state CH, and a hydrogen atom. Thrush 
et al. (87) considered the reverse reaction to be the cause of formation 
of CH radical’s. 


The CH + 0, reaction has many interesting energetically possible 
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Table I-3 Rate Constants for Reaction of CH(xén) with Inorganic Sub- 


strates. 


k5 x 107M) Sate! 
A ene CH(X2r) | Ce cHp(°B, J n(2p)- 
Lin Perner® Eee 

0 60+9 12 
N 1243 
0, 3625 <24 20+2 18 84 on 
Ny 0.5440.06 0.620.1 3 <6x10"> 0.012 
NO 170240 <24 80+20 36 
SIR 3 agate Nee 
Hy 1623 1021 4 231100, Gale? 
CO,. 1,140.2 0.02 
NH. 59+7 
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reaction channels and the experimentally determined rate constants are 


listed in Table I-3 AH(kcal mole!) 
CH(X“n) + 0,(x°x ¢) —-+-—» cola) + OH(x"n) =i 
2+ co(x!s*) + H(2s) + o(SP) -57 
— > co(x's*) + on(aes*) -68 
—t+—_> 11c0(x2a') + 0(3p) S77 
—2—+ co(x!s*) + on(x2n) -159 
= mee + H(2s) -183 
The (Aes* - x-n)0H emission has been observed in many hydrocarbon flames 


and been attributed to reaction channel 3 (102). The decay of this OH 
chemiluminescence was measured by Filseth et al.(20) while also mea- 
suring the CH decay kinetics. Infrared laser emissions from vibration- 
ally excited CO and C0., molecules were observed by Lin (78) in flash 
initiated CHBr 3/0. reactions and attributed to reaction channels 5 and 
6. 

ihe. CH i+ No reaction is fairly slow compared to the other CH + 
diatomic molecule reactions listed in Table I-3. This is because there 


are no exothermic reaction channels and tine reaction with the lowest 


reaction enthalpy does not conserve overall spin. 


2 tee 


CH(X¢n) +N Ges - HeNn(x'st) + n(4s) aH = 3 kcal mole”! 


(a 
Lin et al. (79) found this reaction to be pressure dependent, indicating 
the formation of an intermediate complex, thus easing the spin con- 
servation requirements. 

Table I-3 also lists the reaction rate constants for the reaction 
of CH with various other inoraanic substrates. The agreement between 


the different researchers using different systems is gratifying. The 


rate constants seem to agree better with those of singlet methylene 
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(TA, )cH, than with (7B, )CH, even though the rate constants for 
methylene in general are incertain (103). Rate constants for n(£p), 


the united atom analog of CH(X? 


1), are also given in Table I-4. The 
n('p) + 0, reaction is definitely established to be a chemical one (104). 
Rate constants for the reaction of CH with a number of organic 

shbeteretes have been determined and are listed in Table I-4. Reaction 
with alkanes may occur via two possible paths, insertion and abstraction. 
:CH(4m) + RH = RCH, 
Ta ‘CH, ay Ris 
Both reactions are spin allowed. The insertion reaction is very exo- 
thermic whereas the abstraction reaction is nearly thermoneutral, 


The enthalpies of two CH + alkane reactions are shown below. 


AH(kcal mole™!) 


CH + CH, ——» C,H, -98 
—=—> CoH, +H -60 
—+—> CH, + CH, 
oeieeieai ees cate -101 
eens ets -63 
——> C,H, + CH, 243 
—1—+ CH, + CH -4 


Because of the large amount of energy released in the insertion process 
the alkyl radicals formed are expected to undergo fragmentation reactions. 
For the reactions with larger alkanes, branching steps are expected to 

be even more complex because both insertion and abstraction processes 


can take place with primary, secondary or tertiary C-H bonds. Reaction 
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Table I-4 Rate Constants for Reaction of cH(2m) with Organic Substrates 


Substrate 


eerane 
Ethane 
Propane 
n-Butane 


Cyclopropane 


Cyclohexane 


Ethylene 
Acetylene 
Propyne 


Benzene 


Perner® 
CHa 20+1 
CoHe 
C2H. 82+20 
n-CaH g 78+7 
CC tie 
CoH, 69+6 
CoH, 45+9 
CHCoH 
TAL 


k, x 107? ie lige 
Tne 
CH, ( A.) 
wee 
60+20 i) 
240+60 2.9 
Shes: 
350+30 4.9 
140240 
280+110 
130+50 
130224 
280+90 
50+20 
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channel 2 is considered to be an important source of ethylene formation 


in the vacuum ultraviolet photolysis of CHy on the basis of the isotopic 


distribution of the products from labelled substrates (71, 72, 105, 106). 


Wolf (107) also postulated that radioactive Mey inserted into primary 
C-H bonds and that subsequent fragmentation produces labelled ethylene, 


as shown in reaction channels 2 and 6. n 


CH insertion into secondary 
and tertiary C-H bonds was believed to initiate further fragmentation 
reactions, as mentioned above, 

The rate constants determined for the reactions of methylidyne 
with organic substrates do not agree as well as those for inorganic 
Substrates and therefore only general trends can be discerned. Thus 
the rate of CH reactions with alkanes seems to increase with the number 
of CH bonds available and methylidyne seems to react indiscriminately 
with all types of C-H bonds. 

For unsaturates, the question arises as to whether one can dis- 
tinguish reaction of CH with the 7 bond. The reaction of CH with 


ethylene may proceed through several energetically accessible reaction 


channels: 
AH(kcal mole” !) 


Chet C,Hy——> CH, -CH = CH -113 
TT mee ae 
C. -88 
H 
aaa + H -57 
oe 
Ww on -36 
—$_——> -CH, + -C.H 0 
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The rate of reaction of CH with ethylene is faster than with methane. 
Since the number of C-H bonds in CoH, and CH, is equal and their bond 
Strengths comparable (D. = 106 and 104 kcal mole”), respectively), the 
increased reactivity apparently results from the presence of the 7 bond. 
The rate of reaction with acetylene is approximately the same. The 
reaction of CH with the m bond is believed to occur via addition, 
Similar to the well documented cycloaddition of CHy('A,) (2). For the 
reaction with ethylene, it seems likely that addition and insertion 
reactions will occur with equal ease and that subsequent fragmentation 
will take place. Wolfgang et al (85,86) suggested that the reaction to 
form allyl radicals was important in their gas phase system. Recent ab 
initio molecular orbital calculations on the addition of methylidyne to 
ethylene suggested that asymmetric addition proceeds without an acti- 
vation energy (179). This agrees with the high reaction rate constant 
and is also in agreement with the calculated reaction path for the 
addition of CH,('A,) to ethylene (106). 

The overall reactivity of CH can now be assessed. The highly 
unstable electron deficient structure of methylidyne, as was shown in 
molecular orbital diagrams, results in a high enthalpy of formation. 
This Targe AHe means that most methylidyne reactions with substrates 
will have several exothermic reaction channels resulting in the high 
reaction rate constants shown in Tables I-3 and I-4. These reactions 
should result in products which are electronically and/or vibrationally 
excited and mostly radicals. The secondary reactions which will then 
occur make conventional mechanistic interpretation difficult. The primary 
reactions of CH will probably have to be monitored by transient 


detection techniques where both reactants and products are observed. 
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Kinetically, the CH(X2) reactivity is difficult to compare with that 
of CHy('A,) and (7B, ) because of limited data. 


2) Halomethylidynes 
a) Fluoromethylidyne, CF. 
CF exhibits a marked difference in AH ¢ compared to CH. The 
possible reaction channels for the CF + 05 reaction are listed below 
as an example in order to assess whether this change of AHe will affect 


the reaction enthalpies. 


CF(X¢n) + Oe -- co(x'st) + F(2P) + o(?p) -10 
— FCO(“A) + O(°P) -42 
~ co(x'st) + Fo(x@n) 265 
Plas 2 
ae CO, (x Lg ) + F('P) -136 


In comparison to CH + 0,, the reaction of fluoramethylidyne with 


9° 
oxygen has fewer and less exothermic reaction channels and one might 
expect this reaction to be slower. However, other effects such as 
polarity and steric hindrance might influence the reaction. To date 
no kinetic measurements have been reported for CF and almost nothing 
has been published on its chemistry. 

The possible reaction of CF with atomic oxygen can be considered 


3 


: ~ ‘ 
first. Reaction channel 1 was used to explain CO(a m-X! 5 ) chemi- 


luminescence (118). Reaction channel 2 was believed to be responsible 


for AH(kcal mole7!) 
CF(x¢n) + 0(3P)——-—» co(a®n) + F(¢P) +11 
2 coy sty + F (2p) -128 


—3_- Fc0 (2A) -159 
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the infrared CO laser emission obseryed in the flash photolysis of 
CFBr/S0, mixtures (108). The third order reaction rate constant for 
reaction of fluoromethylidyne with atomic fluorine was deduced to be 
6.6 x 1020 q72-89 M7 *sec™| from shock tube studies (109). The possible 


reaction of CF with nitric oxide can proceed through some exothermic 


AH(kcal mole!) 


cF(2n) + No(@n)——t—e Fco(2a) + (4S) -9 
tee eren(x! syeeo cp) 24 
— 35 g(x! sty + ne(x357) -48 


channels. Reaction channel 3 was postulated as the source of infrared 
CO laser emission from flash photolysed CFBr./NO mixtures (110). 
The following reactions were used to explain the formation of 


certain products in the vacuum ultraviolet photolysis of CHFC1., or 


CFCI. (88, 89, 111) 
AH(kcal mole!) 
CE or CH. remem. | a1 jan lalg -104 
eat -125 


gr ee Ore ica Gen PApac mea B) -105 


2y 5 374 


——~> CBr ? 


Chas br D 


2 
In comparison, the reactions of CFo(7Ay) are better known. 
Reaction with inorganic substrates such as oxygen and hydrogen halides 
is slow (119), CFo(1Ay) reacts with olefins via stereospecific addition 
and follows an electrophilic trend. Measurements of relative activation 
parameters seem to indicate that CF, is guided in its selectivity by 


both preexponential and activation energy parameters (120). 
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b) Chloromethylidyne, CCl 

The enthalpy of formation of CCl is 119 + 5 kcal mole”! This 
decrease in stability compared to CF should make CCl more reactive than 
CF since the reaction enthalpies will be more exothermic. Kinetic 
measurements have been made on several CCl reactions and the rate 
constants with inorganic substrates are listed in Table I-5. The values 
for the oxygen reaction rate are in good agreement and those for Ho 
essentially show a very slow reaction. When these rate constants for 
CCl reaction are compared to those determined for CH reaction with the 
Same substrates, the results show that the CCl reaction is roughly one 
order of magnitude slower than the corresponding CH reaction. The 
possible reaction channels for the reactions of CCl with 0. and Ho are 
listed below. 


AH(kcal mole7!) 


2 ] i 


CC1(x¢n) + He ze) ~ cuc("A,) + H(¢S) +13 
PPH(X) HCL OE) +1 
~~ CHy(*B,) + c1(4P) oe 
~ CH,C1 -90 

cC1(x2n) + 0,(x82g) ~ cO(x'z*) + c10(A‘T) at 
 co(x'st) + ci(“p) + 0(7P) -58 
SCHUM TOt e) -63 
~ co(x'st) + c10(x@n) =? 
~ C0,(X'zg°) + c1(P) -184 


Comparison between the possible reaction channels of CCl and those of 
CH shows that they are nearly identical in terms of exothermicity. If 


the measured rate constants are assumed to be correct, an intriguing 
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Table I-5 Rate Constants for Reaction of CCl (x2n) with Inorganic 


Substrates. 
ke ¥-107> Ma. eech 
Substrate Tyerman ° Wampler > 
Ho 0.03+0.01 - 
N.R.© 
0, Cords lin 
No <0.0015 ~ 
NO - re 
SF ~ 0.014 
em I a a, ah aa aa ea i ea 
a) refs 55 
2) poeta ol A eeaen BAL 


c) ref. 54 WN.R. = no reaction 
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question arises as to why the CCl reactions are slower than the cor- 
responding CH reactions. A qualitative explanation can be given in 
terms of the thermodynamic transition state formulation of the reaction 
rate constant. 


7 + $ 
kag = kT exp(ASpp /R) exp(-AH ap/RT) 


=e 


The question arises as to whether a change in the entropy of activation, 
se and/or a change in the enthalpy of activation, AH” ap is re- 
sponsible for the rate constant difference between CCl and CH. The 
reaction patns considered by Brooks and Schaefer (101) can serve as useful 
pictorial guides here. For the non-least motion insertion of CH, they 
calculated a barrier of 4 kcal mole”, For the non least motion in- 
sertion of CCl into Hos a much larger barrier is to be expected due to 
two factors. The first is the steric hindrance of the bulky chlorine 
substituent which would affect Sha. The second is the pm orbital 


eect H Bill 


H 

overlap of chlorine reducing the electron deficiency around tne carbon 
which would affect the the of the reaction. Thus the chlorine sub- 
stituent acts in two ways to cause the reactivity difference. 

Rate constants have been determined for the reaction of CCl with 
a variety of organic substrates and are listed in Table I-6. Very few 
substrates have been studied by more than one investigator and, for 
those which have been,the agreement ranges from good to bad. The agree- 


ment is reasonable for the unsaturated substrates; ethylene, acetylene 


and propyne. However for the reactions with alkanes, serious differences 
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Table I-6 Reaction of CCl with Organic Substrates 


K, x 10°? M!sec™! 
Substrates F b C 
Choi et al. Tyerman Wampler 

CH, N.R. 

C He <0.004 0210+0202 <0.002 

i-CyH, 9 0.0045+0.0004 <0.002 

c-Ce Hy» N.R. 0%23=0.03 

CCl, Os220 02 

CHC1 N.R. 0F2220.01 

CoH.CI O2220-02 

CF.CI 0.075+0.008 

CoH, 0.33+0.04 0.130.011 

CH. Zant One 

t-2-C,H, 9.6+0.8 

1-CyH. 1541 

cyclohexene Syl a0 ey 

1,3-cyclohexadiene 1.4+0.2 

1,4-cyclohexadiene 3.7+0.2 

CFACC1, 12920..2 

CFCICCI, 8+4 

CHCICC1. 4+2 

Cnc 10=5 
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Table I-6 Reaction of CCl with Organic Substrates (cont'd) 


Substrates 


CoH, 
CH4CCH 


CHCHACCH 


CHCHACHACCH 


CHCCCH, 


CCH WeCECH 


3)3 


(CH CCCC(CH.) 


3)3 3 
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Choi et al? 
0.025 + 0.004 
22k + 022 
Bit? 2810.5 
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occur. Choi and Wampler's results suggest that the CCl reaction with 
the C-H bond is relatively slow and unimportant while Tyerman's results 
suggest that some reaction occurs. While the absolute values for the 
rate constants may be uncertain, the relative changes in the rate con- 
stants yield some information on CCl reactivity. For the reaction with 
alkyl substituted alkenes and alkynes, CCl exhibits an electrophilic 
trend, that, is the rate constants increase with the number of alkyl 
substituents. A comparison between the rate constants of CCl and CH 
with ethylene indicates the methylidyne reaction is ~ 500 times faster 
than that for chloromethylidyne. The possible reaction channels for the 
CCl CoH, reaction are listed below. 


AH(kcal mole™!) 


COs CoH, ———t CCC = CH, ? 
—_——_—_+ pected" 2 ? 

iG 

Cl 
as CoHy oe) -57 


ee rane oe a 


It is interesting to note that the reactivity of cC1(x¢n) seems 
to parallel that of singlet dichlorocarbene. ects (uae is found to be 
fairly unreactive to paraffinic C-H bonds, but reacts with olefins via 
electrophilic, stereospecific addition (2,4). Skell and Cholod (114) 
measured the relative activation parameters for the addition of :CCI., 
to alkenes and found the reaction to be activation entropy dominated. 

The rate constants and mechanism for the reaction of CCl with 
halogenated compounds are uncertain, since it is not clear whether the 


reaction of chloromethylidyne with a carbon-halogen bond is important. 
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In vacuum ultraviolet photolysis experiments, the following reactions 
were postulated to explain some products (90, 115) 
* 
CGl=, + CCl, > CCl, = CCl, or] 


Br 


CCl + Br. > CCIBr., oc) COVB aaa bt 


3 
Rate constants for the reaction of chloromethylidyne with a series 
of silanes have been determined and are listed in Table I-7. The re- 
sults show that the reaction with silanes is extremely rapid. However, 
no measurable rate of reaction was observed with tetramethylsilane, 
indicating that reaction with Si-C and primary C-H bonds is unimportant 
relative to other reactions. Chloromethylidyne reacts with the Si-H bond 
and there was an observed correlation between the rate of reaction per 
Si-H bond and the hydridic character of the Si-H bond (54). The pro- 
posed reaction mechanism is a hydride ion transfer with more or less 
simultaneous back donation of the lone electron pair of the carbon to 


the silicon. 


cl 
A cl 
© belie i C-H 
ee as 5- —> yf GQ 
iat 15.24 Le 
= Si —H’ - Si as 
- ; 


These results indicate that polar effects may have an important in- 
fluence on chloromethylidyne reactions. CCl reacts with silanes at 
rates comparable to the insertion of CH. and SiH, into Si-H bonds. This 
should not be interpreted as indicating that the electrophilic character 
of CCl is the same as those of CH. and SiH, but merely that the Si-H 
bond is extremely reactive, as is well known, and unable to discriminate 


between the electrophilic reagents. Replacement of the methyl groups 
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Table I-7 Reaction of CCl with Silanes (54) 


N20 


Substrate k, X 107? Mol seer! 
STH, 0.48 + 0.05 
MeSH, i RY fee 8 
MeoSiH, 236) Eel 
Me.SiH CaOneT Ore 
Et,SiH, Cae OS 
Et.SiH A bat al 
Me, Si N.R. 

SiDy 0 25 30. US 
MeSiD. 0.98 + 0.04 
Me5siD. 1267 Ona 
Me.SiD Z.O2%-O22 

Si 5He Gna a OFS 
S15). 5G 4 OLS 
MeeSi4 01.025 + 0.003 
C1,SiH < 0.004 
Cl.MeSiH 0.029 + 0.003 
CiMe,SiH 0% 39°S 102.02 
Me.SiCl N.R. 

Me.SiF Nos 
OF Rey N.R. 
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by chlorine atoms is expected to decrease the hydridic character of the 
Si-H bond and causes a sharp drop in reactivity as shown by the rate 
constants. Chlorine deactivates the Si-H bond for electrophilic CC] 
insertion due to the inductive effect of the chlorine atom. 
c) Bromomethylidyne, CBr 

One set of reaction rate constants has been determined for CBr 
and the results are listed in Table I-8. The enthalpy of formation is 


123415 kcal mole”. 


( 60 ). Therefore, the reactivity would be ex- 
pected to be similar to that of chloromethylidyne. Comparing the rate 
constants for CBr reactions with those of CCl shows that they are very 


Similar. The reactive channels for the reaction of CBr with 0, and NO 


are outlined below. AH(keal mole™!) 
CBr (X2m) + NO(X¢m) —t——» cn(x2x*) + Bro(x2n) file 
Be Brent O(CP) ~43 
—$.—> ¢o(x'sty) + npr (x2z7) -99 
CBr (xr) + 0 Gara) 4 __. co(x's*) + Bro(aén) ae 
ee oot 0p) ? 
—§__» ¢9(x!5*) + Br(7P) + O(7P) -64 
er rit BOL GT) -119 
—8£ + co,(x!z,*) + Br(“P) -190 


Reaction channels 3,7 and 8 will definitely contribute and are probably 
the major source of infrared CO and C0, laser emissions observed in 
flash initiated CHBr./0, and CHBr ./NO systems, which were attributed 
to CH reactions (76-78). 

The reported rate constants indicate that CBr reacts slowly with 


tertiary C-H bonds while no measurable reactivity occurs with primary 
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Table I-8 Rate Constants for the Reactions of Bromomethylidyne (93) 


(et BT 


Substrate ky x 107? Ml sec™ 
No <0.004 
Ho <0.003 
0. Abas beitid Veale) 
NO 1342 
CH, <0.003 
1S0-CgHy 0 0.018 + 0.009 
CoH, 0.46 + 0.07 
CoH Sa etOee 
1-C,He Gi | 
t-2-C 4H, at 
2,3-dimethyl-2-C,Hp 12 24 
CoHaF 0.18 + 0.01 
Oia 0.12 + 0.03 
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and secondary C-H bonds. These data tend to support Choi et al. and 
Wampler's results with regard to the reactivity of CCl towards C-H 
bonds. Bromomethylidyne exhibits an overall electrophilic trend in 
its reactions with alkenes, but there are some inconsistencies: 1- 
butene is expected to react more slowly than trans-2-butene and trans- 
2-butene Should definitely react faster than propene with an electro- 
philic radical. 

The reactivity trend for CBr (X“r) appears to agree with its 
corresponding carbene, as was observed for the case of CCl. Dibro- 
momethylene, cBr,('A,) is unreactive towards paraffinic C-H bonds, 
but reacts with olefins in an electrophilic, stereospecific addition 
nays 
3) Carbethoxymethylidyne 

Carbethoxymethylidyne has been reported to be a reactive inter- 
mediate in the photolysis of diethylmercurybisdiazoacetate, (Et0,CCN,). 
Hg(95). Photolysis of the parent compound in olefinic solutions re- 
sults in products due to radicals which can be rationalized as arising 
from the addition of :CCO,Et to the olefinic double bond to form a 
cyclopropyl radical and also from insertion into a C-H bond. The 
radicals formed undergo hydrogen abstraction to form the final 


products. The reaction sequence is outlined on the next page. 
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The presence of the carbethoxymethylidyne is supported by the 
fact that the primary yield of Hg in the photolysis of the parent com- 
pound is 9-18% and also by the fact. that, in the mass spectrum of the 
parent compound, there is a strong m/e signal at 85 corresponding to 
carbethoxymethylidyne. 

Photolysis of the parent compound may also yield a-mercurycar- 
benes which may undergo cycloaddition to olefins or insertion into C-H 
bonds (95, 116, 117). These compounds may undergo secondary photolysis 
to yield the same radicals as mentioned above. 
D. Low Valent Silicon 

In the previous sections, the molecular and chemical properties 
of carbynes were outlined. Silicon is the next member of Group IV A 
and it is therefore natural to examine monovalent silicon species and 
compare their molecular and chemical properties to monovalent carbon 
Species. Divalent silicon species, silylenes, will also be examined. 
Since these fields are extensive and have been thoroughly reviewed 
(123-127), only a brief outline of certain silicon species, which are 
similar to those carbynes discussed, will be presented. 

1) Molecular Properties 
a) Silylidyne, SiH 

The electron configuration of SiH is ...(3p0)2(3p)| resulting 
ina a ground state. The presence of SiH in stellar atmospheres and 
interstellar space has been established by observation of its spectrum 
(128, 129). The electronic spectrum consists of the transitions listed 
below. 
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The electronic configurations of the three lower states, X,A,B 
are similar to those of the CH molecule. The A and B states are ob- 
tained upon exciting an electron from the bonding 3po to the 3pm or- 
bital. The dissociation energy of SiH is 70.6 kcal mole”! (D, (C-H) = 
80 kcal mole” !) and the ats state has not been observed (130). The 


= 0.302 D (u = 


dipole moment of SiH has been calculated to be u C-H 


Si-H 
1.57 D) with positive charge on the hydrogen (123). 


-b) Halosilylidynes 


The electronic spectra of halosilylidynes have many more ob- 


servable transitions than halomethylidynes (125). 


The ground«state. of sir aS 3... 1m 30°2n) ~ cae Nine excited 


4 


states including a'= have been observed and their molecular constants 


have been tabulated (123). The observed states may be divided into two 


] 


groups: a) three non Rydberg states with Ww, < 1000 cm™! and b) six 


Rydberg states with We > 1000 om”! The properties of the first ex- 


cited state nest are in accordance with the configuration Ae nee 
the 40 orbital having strongly antibonding character. The states ea 
and ats result from the configuration ... in t3e omen The very small 


changes in bond distance in these states are in agreement with the pre- 
dicted non-bonding or slightly antibonding character of the 30 and 27 


orbitals. Therefore, in comparison to CF, the spectrum of SiF has many 


, + 
more transitions but there are similarities. The Bes - xen and ce, - 


2 get 2 


X TL, transitions of SiF are the corresponding analogs of the Ax 


- X I, 
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and BA - X I, CF transitions but occur at lower energies. The 


dissociation energy of SiF is ~130 kcal mole”! 


(123) which is the same 
as for CF (131 kcal mole”!) 

The electronic states of SiC1, SiBr and SiI are related to SiF 
and show similar behaviour (123, 125). Some ground state properties 
are collected in Table I- 9. 

In summary, halosilylidynes exhibit the same bonding properties 
as halomethylidynes, but their spectra are much more complex and are 


dominated by Rydberg transitions. 


c) Silylenes 


Divalent silicon species, silylenes, are the homologues of car- 
benes and are therefore the subject of considerable attention as 
evidenced by several recent comprehensive reviews (124, 126, 127). 
Only the molecular properties of halogenated silylenes, which are 
Similar to the dihalocarbenes discussed in the carbyne section, will 


be presented here. 


For STH, both a triplet and a singlet electronic state are 
Ya ] ee 
ea (al b>) (3a) (1b, ) ~ B, 
2 4 ] 
al b,) (3a, ) - A, 


possibilities as for methylene, CHa » where the ground state is SB 


However, SiH, (7B, ) has not been observed and the ground state is ve 


A useful model has been provided for the effects of substituents on 


the singlet-triplet separations of carbenes, silylenes and isoelectron- 


ic species (131). 
SIF, is the most thoroughly investigated silylene due to its 


relative stability. Molecular constants have been determined by a 
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Table I-9. Ground State Properties of Silicon-Halogen Radicals. (123) 


A.(om™|) w, (em!) wx, (om |) rg (A) i (Rea) 
TEC Ny es. 857.2 4.7 1.60 130 
Sicl(X*) 207.2 535 (6 29 2.06 92 
SiBr(X°H) 418 424, 15 226 85 


Si (Xm) 700 363.8 les 2.45 69 


~d 
' 


a 
+ 
= 


variety of techniques and tabulated (123). Three electronic transitions 


have been observed; a°B, ~ oe 380.1 nm, A'B, ~ aie 
B'B, ~ vn 160.6 nm. The principal feature in the absorption spectrum 
] ] 


due to the A B, - X A, transition is the presence of a long progression 


226.6 nm and 


in the bending frequency of the upper electronic state, Vo" isZoe. 
The electronic transitions of SiCT, have been observed in three 


systems. A broad absorption band with a maximum at 315 nm was observed 


in matrix isolation studies and in a high temperature furnace (133, 134). 


Asundi et al (125) detected a number of features superimposed on a 
continuous emission between 315 and 365 nm in the spectrum resulting 
from a discharge through SiCT, vapor. These features were assigned 

to two transitions of SiCT, one of which corresponds to the absorption 
at 315 nm and is assigned to 'B, ~ 4 transition. The following 


vibrational frequencies were derived from this spectrum, 


vy" = 540 ae (Ea ane yee 


] ] 


248 cm V5 2011 acme 


However the spectrum was poorly resolved and contained some inconsis- 
tencies in vibrational assignments and is in disagreement with recent 
assignments of Vv," = 202 cm”! and Vv = 510 cm”! from the infrared 
Spectrum of matrix isolated SiC, (had 1 oor 


The infrared spectrum of SiBr., gives the following values for 


] ] 


ground state vibrational frequencies; a ="402-6° cin 


and V3" =699),.5 ane 


9 Mo? = 120 cm 
No electronic transition of SiBr., has yet been 
detected although it has been mentioned as a possibility in emission 
spectra from a discharge through SiBr, (136). The spectrum, in the 


-] 
region 425-595 nm, showed intervals of 425, 240, 1/0 and 120 cm . 
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The silylenes HSiC1, HSiBr and HSiI all have similar electronic 
transitions near 500 nm, assigned to Vy - Tan, exhibiting a long pro- 
gression involving the bending frequency of the upper state Vo 

To sum up, all silylenes exhibit a singlet ground state with 
smal] bond angles at the Si atom. They may be excited throughout to 


a singlet upper state with considerably widened angles resulting in 


absorption spectra dominated by a progression involvingy, . 


2) Generation of Silicon Radicals 


The emission spectrum of halosilylidynes is usually generated by 
a discharge through SIX, (X = halogen) vapor. The absorption spectra 
of some silylidynes have been observed in the flash photolysis of 
halogenated silanes. SiBr and SiI have been seen in absorption 
following the flash photolysis of SiBry and Sil, (TS plo aeeunesrlasn 
photolysis of H3Si] resulted in the absorption spectra of Sins SiH, 
Sil and HSiI (140). Hexachlorodisilane was flash photolysed to obtain 
the absorption spectrum of SiC] (141). It is also of interest to note 
the observation of SiF fluorescence from the photolysis of SIF, by a 


CO, laser, which led to the discovery of the phenomenon of collision- 


2 
less infrared multiphoton absorption and dissociation (142). 

The two most widely used methods for the generation of halogenat- 
ed silylenes are: a) reduction of halosilanes and b) thermal de- 
compositions of polysilanes. 

The reduction of silicon tetrahalides by silicon resulting in the 
following equilibrium was used to demonstrate the existence of 
2SiX 


: : ~ 
SX, ue ey <— D 


dihalosilylenes and measure their thermodynamic functions and bonding 


= 


9 hare in ¢ rue 
strortosta valtet saver the ba bie WiheH « (ater 


~yy orot a potitornties ae ig! of bonotees in od 7 
an 


= 


i 


ay Shete vaca ait to. yonsupsy? ‘en thee ould 

Ait ateide tao tafeate B aehise constvtta ifs 
tuatooews csPiovs ik (i y ont 7036 re ont 36 
“ach oni sites ce fonan be basta hw videwibanes att erate wake 


gntve owe! ndteza Yaa 6 yt bata tage vidonae 
‘ ae 
7 


aon bef qogt tne Yom sn | 


cd Qergnotop Vf laben. ei <bnwht relies her ts wurd9098 ae 
Etsg0d2 ned tuncede Sit aady (nace had = m, yet Lcuet | 
efoto Welt att at bawiende need avalt | 
noigqneads nt essetteehelon. The Brn WE pre 
(2a/? ort .\GGL 2 ves oH times Mai ¥o ataufonoia feet way \ 
Hie of? to absge, maMotmeds, and’ 4h; bahiness, tte gt | 
nferde St beeviddona Meelt Saw ont eh hm sangha 
aim oF tepvaial to.oeld ot. st Ue!) rare Wharton, 
6 Mit #2 Yo. zt oy ahaiaae, mnie sunaaaTON: 12 
“moar2iiios Fo vonenovad¢ aif) 79 asvoaetb ant oF rsa: 4 
(Sut) natietooddilie bg ok tart more a 
sbieadas Fo Kel hedanae an! tot aboviom bogie sn 00 
“a teeerais (a tyta sdeatieahih to noksauben % Th ¥ | 


vL.. 


energies (127). These reactions take place only at temperatures above 


SiG], rand: Sabres 


Ze 2 2 
The thermolysis of polysilanes has been the most widely used 


800°C and give excellent yields of Sif 


method for generation of all types of silylenes. The thermal degrada- 
tion of hexahalodisilanes, first examined 100 years ago, gives silanes 
and higher polysilane compounds (127). The intermediacy of silylenes 


was established by trapping experiments. From studies on thermal 


SiAX A SiX, + :SiX, ———» (Six 


TpX§ —A Sik, 2 an 

disilane decomposition a model has been presented for the transition 
State for silylene extrusion, which involves a 1,2 substituent shift 
(124, 138). This process, also called a elimination, is postulated to 
occur through a pentacovalent sp°d hybridized silicon atom, which is 

in accord with experimentally determined entropies of activation for 
Silylene extrusion. For polysubstituted disilanes where different 
Silylenes may be extruded, it is found that certain substituents have 

a greater facility to migrate. For example, when a chlorine atom and 

a hydrogen atom are in an identical environment, the hydrogen atom shift 
is considerably more favored (140). This is reflected in experimentally 
determined activation parameters (139). 

Higher polysilanes can also undergo this silylene extrusion pro- 
cess through the migration or shift of a silyl substituent. The study 
of silylene reactions was greatly facilitated by the discovery a de- 
cade ago that photolysis of orgonopolysilanes also results in silylene 
extrusion under much milder conditions (141). Differences occur bet- 


ween the photolysis and thermolysis of polysilanes due to the energies 


and electronic state involved. In thermolysis, the lowest free energy 
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path tends to be the dominant reaction while in photolysis, due to the 
involvement of electronically excited states, more energetic decomposi- 
tions became accessible and there is a competition between various 
substituents for migration resulting in different silylenes being 
generated. This behaviour is illustrated below in the photolysis of 


an alkoxypolysilane. 
Me.SiSiMe, + MeOSiSiMe 


MeS1 Sik >) natal : : 
3 — Ls 3 


~~ > MeOSiMe, + (Me,Si 


) 
Me,Si OMe sve 


Safe 


Migration of an alkoxy group, process b, is the exclusive thermolytic 
pathway whereas in photolysis process a, migration of a silyl group 
competes with process b in a statistical ratio of 2:1 respectively 
(124). 

There are various other methods to generate silylenes which are 


covered in detail in the reviews (124, 126, 127, 137). 
3) Reactions 


Nothing is known about monovalent silicon reactions although 
these species occur in interstellar space (129). On the other hand, 
the reactions of silylenes constitute an area of great interest in 
chemistry because of the carbene relationship. The general reactions 
of silylenes will be outlined here with emphasis on dihalosilylenes. 
Silylenes undergo a variety of insertion reactions: into silicon- 
Silicon bonds; into oxygen-hydrogen and nitrogen-hydrogen bonds; into 
carbon-oxygen bonds of ethers and into silicon-oxygen bonds of alkoxy- 
Silanes (124). Intramolecular insertion into a C-H bond has been pro- 


posed to account for some silylene rearrangement products (124). 
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Dimerization of silylenes has long been proposed but only recently has 
been used to synthesize a room temperature-stable compound containing 
a Silicon-silicon double bond (142). 

One example of these reactions is the expansion of furans upon 
reaction with thermally generated dichlorosilylene, reported by 


Chernyshev and coworkers (143). 


Singlet organosilylenes resemble closely their carbene counter- 
parts in their addition to olefins, conjugated dienes and acetylenes. 
Concerted 1,2 cis-additions seems to be the rule and the major differ- 
ence between silylene and carbene additions stems from the much lower 
Stability of the silacyclopropane products. Thus secondary products 
are often isolated from silylene additions, due to rearrangement of the 
primary adducts under the influence of heat or light. 

The addition reactions of dihalosilylenes have received less 
attention and the mechanism is somewhat uncertain. When SIF, was gen- 
erated in the gas phase, reactions with various substrates were be- 
lieved to be initiated by dimerization to form a diradical since all 
stable reaction end products contained more than one SIF, unit (144, 
145). However, recent evidence suggests that monomeric SIF. reactions 
with substrates can take place (146,147). The observed reaction pro- 
ducts of SiC], with alkenes, dienes and alkynes suggest the initial 


addition of SiCl, to the double or triple bond (144). 
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E. Aim of the Present Investigation 


It has been shown in the previous sections that there is a 
limited amount of knowledge concerning the reactions of carbynes. 

Most of this information has come from kinetic measurements. Rate 
constants have been determined for CH reactions with a variety of sub- 
strates and they are all very high, close to collision frequency, and 
consequently exhibit little variation with the nature of the substrates. 
Some rate constants for the reactions of CCl and CBr with selected 
alkanes, alkenes and alkynes have been reported. In general they are 
lower than those for the analogous CH reactions and there is a much 
greater discrimination amongst a variety of substrates. The pattern 

of reactivity towards alkyl substituted alkenes suggests electrophilic 
character for CCl and CBr. However, for CBr the reported data show that 
trans-2-butene reacts more slowly than propylene and 1-butene which is 
not expected of an electrophilic reagent. 

Now the major aim of this investigation was to examine and 
compare the electrophilic reactivity of the halomethylidynes, CF, CCl 
and CBr. To do this it was decided to measure the rate constants of 
the reactions of these carbynes with a series of alkyl substituted 
alkenes using the flash photolysis technique for the following reasons: 
1) Alkyl substituted alkenes have been used to characterize the 
electrophilicity of a wide variety of reagents. 

2) There have been no measured rate constants for the reaction of CF 
with alkenes. 

3) For CCl the reaction with only four alkenes had been measured. 
Since this investigator's results with other substrates did not agree 


well with other measurements (see Table I-7) it was desirable to 
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remeasure the rate constants and extend the series of alkenes. 

4) In view of the above mentioned inconsistency for CBr reactions, it 
was desirable to remeasure the rate constants with alkenes and to ex- 
tend the series. 

5) Since CF, CCl and CBr can be generated by flash photolysis of 
similar precursors, the reactivities could be measured in an identical 
manner. This should eliminate any systematic errors and provide better 
comparisons of their relative reactivity. 

At the time this project was initiated, there were only two 
reported rate constants for the reaction of CCl with alkynes, namely 
with acetylene and propyne. It was therefore decided to measure the 
rate constants for the reaction of CBr with alkyl substituted alkynes 
Since no data were available. Later measurements of the reaction of 
CCl with similar substrates provided a comparison between the two 
halomethylidynes (54), 

Since there had been no data available on the effect of temper- 
ature on any carbyne reactions, it was decided to measure the variation 
of rate constants with temperature for the reaction of CBr with some 
substituted alkenes. The determination of the activation parameters 
of rate constants and their variation with different substrates pro- 
vide details about the mechanistic features of the reaction. 

Lastly, since the halosilylidynes, SiC] and SiBr could be 
generated by flash photolysis and no kinetic data were available, it 
was decided to attempt to measure the rate constants of the reaction 
of SiC] and SiBr with ethylene so that comparisons of reactivity could 


be made. 
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TI. EXPERIMENTAL 


Since flash photolysis is a well established technique and 
many excellent articles have been written on the subject (153) only 
a brief description of a conventional system is given here. 

In flash photolysis, a non-equilibrium situation is created in 
a short initiation time of microseconds by a flash discharge lamp which 
produces a high intensity light flash. This light flash photolyses 
Suitable molecules to generate relatively large concentrations of 
transient intermediates which undergo reaction. The decay rate of 
these transient intermediates, due to reactions, is monitored by either 
flash spectroscopy or kinetic spectrophotometry. In the first approach, 
which was used in this study, the absorption spectrum is recorded at a 
given time. This is accomplished by a monitoring beam from the spect- 
roscopic lamp, fired at a pre-set delay time after the photolysis flash, 
which essentially provides a background continuum. After passing 
through the reaction mixture, the beam is resolved by the spectrograph 
and recorded by photographic material. The procedure is repeated at 
various delays so as to obtain a time profile of the chosen absorption 


band of the transient. 


A. Apparatus 
1. The Vacuum System 
A conventional high vacuum system constructed of Pyrex was used 
for the gas phase kinetic study. It was completely grease free, 
utilizing helium-tested Hoke values, and consisted of a distillation 


train and storage bulbs (Fig. II-1). 


6 


The vacuum system was evacuated to a pressure of 10 ~ torr by 
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FIGURE II.1 The Main Vacuum System 


Sy jr 


a 


7." 
Sn aa 

ot “4 A | 
agumae: ‘Ff | *etemonunr 


igtigr = |... 


ediud sootets Inegoe 
f th) 


ane. 


iis 


siaegaled Whuprt da hdeubovad aie ely para - 
sinagess saeteg Te! naitauberye aah aot Yolole 
7. — 7 rue 


7 
| , ae 
1 | ey? ae ee aed yf 
meseya nywosY alam aft itm 


wy 


58. 


4 
means of a mercury diffusion pump backed by a rotary pump (Duo-Seal 
Vacuum pump, Model 5KC42, JGI4A, Welch Manufacturing Company). 
Pressures were monitored by Pirani Vacuum Gauges (type GP140), 

Magnevac Vacuum Gauges (type GMA140), MKS Baratron Pressure Meters (type 
77 and type 170 M-6B) and mercury manometers which were capable of 
measuring pressures in the range 10° to 10°> torr. 

The distillation train, consisting of a series of three traps 
isolated by Hoke Valves, was used for purification of reagents. The 
storage system consisted of several 3 or 5 litre bulbs for the tem- 
porary storage of reaction mixtures to be used in the flash photolysis. 

Argon was introduced into the main vacuum system after passage 
through a 30 cm long column of copper turnings (heated to 350°C for the 
removal of oxygen) and a 30 cm long column of molecular sieve (type 5A 
for the removal of water vapor). 

A separate mercury free line was used to fill the flash lamps. 
Vacuum was achieved by a Duo Seal Vacuum pump with a liquid nitrogen 
trap and the pressure was monitored by a Pirani Vaccum Gauge (type 


GP-140) and measured by Edwards CG3 gauges. 
2. The Flash Photolysis System. 


The major components of the flash photolysis system are illus- 


trated in Fig. Bl=Z. 
a) The Reaction Vessel and Reflective Housing 


The reaction vessels used were cylindrical tubes 73 cm long and 
25 mm in inner diameter. They were made of either quartz (wavelength 
cutoff 195-200 nm) or suprasil (wavelength cutoff 165-170 nm). For the 


temperature work a special double walled reaction vessel was con- 
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structed of quartz. The reaction vessels were equipped with flat 

quartz windows on both ends and a side arm for the introduction and 
evacuation of the reaction mixture. The side arm was connected to the 
main vacuum system by a Cajon valve, which facilitated the detachment 

of the reaction vessel from time to time for cleaning. The reaction 
eee used for the temperature work had two extra outlets to the outer 
cavity which were connected to a Calora temperature bath for circulation 
and heating of a fluid for temperature maintenance of the reaction 
vessel. The fluid used in this study was ethylene glycol. 

The reaction vessel, sitting on two end supports, was positioned 
at the centre of a reflective housing assembly lying horizontally along 
the optical path. Apertures on both ends allowed the passage of light 
in and out through the reaction vessel. The housing (Fig. II-3) was 
constructed of aluminum and was cylindrical in shape, 80 cm long and 
15 cm in inner diameter. It consisted to two half cylinders joined 
together by hinges on one side, so that the upper half could be opened 
for the removal of the reaction vessel and photolysis lamp for cleaning. 
The lower half, upon which the ends of the reaction vessel and photo- 
lysis lamp rested, was mounted by two supports onto the optical bench. 
The inner surface of the housing was coated with BaSO, which is highly 


reflective in the ultraviolet region of the electromagnetic spectrum. 
b) The Photolysis Lamp 


The photolysis lamp (Fig. II-2 and II-3) was a quartz or sup- 
rasil tube 25 mm in diameter with a sidearm for filling and evacuation. 
Molybdenum alloy electrodes (Vitreosil Model T/E7/232) were sealed into 
each end by standard lead seals able to withstand high thermal and 


mechanical shock. The distance between the tips of the electrodes, 


vy 


potnss!s: 6 ql tahoe sup teeaboorktaesn: oft /to tiyenen ott 


s(t adiw baqgtupe Sesw ghegesy neltossy aT sat 0 

bns martouhovnt aay wok WH Shts 6 tah shee Ne f 
ada Go) SatSaanod 2aw Ith abe ea) styl kim not tana ane 
ripoizedah att beret Trae Hotty ~sviay siete — ™ 
nOtpsas4 ent minagia +,s0t of oars wa (eeeey 4 ; 


eiwo anf OF eteifue evixe nil wee wA0W >is ¢ ‘ores: ott Vol ae 
ive B furs yMGT pate & oF hae i Saw otiw ¥ 


pSSsey od? to Ssorenetitem avuseveane 77 nH 6 You 
dig sretyddS 26w YOouvse 2°F ai beayy rbot Set 

tid 260 ‘gave ony Owi wo cHbeyi? ¢leteeN its ange oat” 
onols vi tatoos snivl Widiteees tr bayad Sy boca ae 6 arama 
fdor! *o edeeseq add béwolhts 26ne Wine mo eatul Toh Atm Te 
ay (L-TL .pt7) patewod oHT 99822) note aast ant Aquat hai / 
inn Geol mo OO .aqcste at pedir? Tys 2ay bite eet \ 
bevhay aralntivs TiSh ame of ane zt ode iat 
iegS Sd bhida FT a wage SAD tener oe ais S8ocns 2apmbed | 


-~oly bre lazesy nofiossy siz to.2pha S01 fori Hoge Rie swol 
Mates Igoitao aly cone etiedgye we ue einuch ¢6w. his tery ome ete 
gidota 2 prewe goeae th fee didn sepel Bivbe Gal eel to. seats sana? oT 
myrtzege sttengawor safe! ant te fol Solabvarity. site gt te sth ada 


a 


_ 


oon, zt tonnat er 


ass 


tz 
‘° 
a 


-Gue’ 19 Steeup & sew (8-11 bos S-1] .pi3) quel Aevieasie oat mT 
MOT euDG¥9- bern entity vot tnseble 5 tft Vetch “ot me 2S ody fies f 
Gant Delese sow (seswayt totom Craugyrty) cabowanla, OTs mated TOM 

bra [amais ight bnesentie of side zleer boot Suatnsiie yl bine rans 
eaaiaih od 0 ant? off nosed aovedzib oAT poate Veta 


-_ ‘ 
7 — 


ye 


ButsnoH aatzdaeTJay ay} pue Tassay uoT}JIeOY SUL E°II WuAdola 


JASSaa 


uodlj Das 


440ddns - pua 


dwo| 
Buisnoy 


sisAjojoyud 
@A1j201j94 


BAL TSEC PE ne HONMEIeS 


T Gung (Ws 


AG2e6? 


swe BeOcETOU 


Se 


BIGaws fi’? 


Aeaeet 
i. @ac pou 


wey | rs vat ear ori 


4 red Ash — : 


62. 


73 cm, was the same length as the reaction vessel. The side-arm was 
connected to the lamp vacuum line through a high vacuum stopcock 
(Pyrex V-4) and a detachable ball joint. The stopcock isolated the 
lamp from the vacuum line while the ball joint facilitated the removal 
of the Jamp for cleaning. 

The lamp was placed horizontally next to the reaction vessel 
with the electrodes resting on the ends of the reflector housing and 
protruding outside through the end apertures. When filled with 25 
mbar Xenon gas, the light flash reached its maximum intensity in 10 
microsec and had a half life of about 20 microsec with a long tail, 
as recorded by a photocell (Sylvania 90 CV) and displayed on an 
oscilloscope (Hewlett Packard 130C). The lamp circuit included an 
ignitron (Westinghouse Size A, WL 7709) and a G.E. Energy Storage 
Capacitor (capacitance 14.5 uF, 20 KV). The lamp circuit was dis- 
charged at either 17 or 20 KV which dissipated 2095 or 2900 Joules 
through the xenon gas filling, creating the plasma which generated the 
light output. To condition a new lamp the following method was used; 
the lamp circuit was discharged initially at a low voltage and the 
discharges were repeated with gradually increasing voltages until the 
desired voltage was reached. The repeated discharges condition the new 
lamp to the high thermal and mechanical shock of discharging at a high 


voltage. 


c) The Spectroscopic Lamp 


The spectroscopic lamp was also made of quartz, and molybdenum 
alloy electrodes (Vitreosil Model T/E7/232) were sealed into the side 


arms by standard lead seals. They were separated by a short capillary 
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tube, 5 cm long and 3 mm in inner diameter, to ensure high current 
density and intense light output. An aperture which was close to the 
lamp window minimized the deposit of silica on the window and an ex- 
pansion bulb was used to accomodate the shock wave which accompanied 
the discharge. The lamp parts were sealed together by Apiezon Black 
Wax to facilitate frequent cleaning and the lamp was connected to the 
lamp vacuum line through a high vacuum stopcock (Pyrex V-4) and a 
detachable ball joint. The spectroscopic lamp was filled with 75 mbar 


Xenon to provide a background continuum. The light flash reached its 


maximum intensity in 5 microsec and had a half life of 10 microsec. The 


Spectroscopic lamp circuit included an ignitron (Westinghouse Size A, 
WL 7709) and a SCI Energy Capacitor (Model 25 W67/TN, capacitance 

1.0 uF, voltage 25 KV) which was discharged at 20 KV to provide 200 
Joules per flash. The spectroscopic lamp was also conditioned by re- 
peated discharges at lower voltages. Fused quartz lenses were used 
to collimate the light beam from the spectroscopic lamp through the 
reaction vessel and to focus it at the entrance slit of the spectro- 


graph. 
d) The Spectrograph 


The spectrograph (Hilger-Watts Model 742-1) operates with a 
Littrow mounting system, utilizing a quartz prism as a non-linear dis- 
persion device (Fig. II-5) and the resolved spectrum is focussed on 
a light sensitive photographic material. In this study Kodak Spect- 
roscopic Plates Type 103a-0 were used to observe absorption spectra 
at wavelengths greater than 240 nm and Kodak Special Film Type 101-01 


was used for absorption spectra below 240 nm. The absorption lines 
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FIGURE 11.5 The Littrow Prism and Mounting 
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in the spectrum recorded by the photographic material were traced out 
as absorption peaks using a microdensitometer. 
3. The Microdensitometer 

The microdensitometer (Joyce Loeb] MK 11C, Fig. II-6) is operated 
On a double beam system. The analysis beam is scanned across the 
photographic material and the reference beam passes through an optical 
density wedge. As the sample spectrum is scanned, the two beams were 
alternately fed into a photomultiplier detector. Any difference in the 
intensities of the beams was amplified and the resulting signal 
activated a servo motor to drive the optical density wedge so as to 
nullify the intensity difference. A pen attached to the optical density 
wedge traced out the resulting spectrum. An adjustable slit in the 
analytical light beam path combined with the optical magnification to 
give an effective exit slit width which, when multiplied by the 
dispersion of the spectrograph, gives the spectral band width. 

B. Operational Procedures 

1) Operation of the Flash Photolysis System 

The circuit diagram is illustrated in Fig. II-7. The two lamp 
capacitors were first charged up to the desired voltages. Then a pulse 
delay generator was activated which sent out two voltage pulses, one to 
the photolysis lamp ignition and the other to the spectroscopic lamp 
ignition. These pulses closed the lamp circuits and caused the 
capacitors to discharge through the lamps, producing the photolysis and 
spectroscopic light flashes. The delay between the two pulses could be 
adjusted from 25 to 9999 micro-seconds. The light pulses from the two 
discharges were picked up by a photocell (Sylvania 90CV), amplified 


and displayed on an oscilloscope screen (Hewlett-Packard 130C). The 
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FIGURE I1.6 Schematic Diagram of the Microdensitometer 
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trace was photographed (Hewlett-Packard Oscilloscope Camera Model 197A 
using Polaroid Type 107 Land Film) and the separation between the peak 
of the photolysis flash signal and that of the following spectroscopic 
flash signal was taken as the time delay. A typical oscilloscope trace 


is shown in Fig. II-8. 


2) Preparation of Gas Mixtures 

The gas mixtures, which contained the source of the transient 
intermediate and differing amounts of reactive substrate in a large 
excess of argon, were prepared using the 3 or 5 litre storage bulbs 
(Fig. II-1). Pressures were monitored by the MKS Baratron Pressure 
Meters for pressures below 100 torr and mercury manometers for higher 
pressures. 

The procedure employed for preparing a mixture (consisting, for 
example, of 2 torr ethylene and 1 torr CHBr.. in a total pressure of 
500 torr argon) in a storage bulb was as follows. 

FI¥St CHBr., which is stored in a reagent bulb, is introduced 
into the vacuum line and storage bulb until the Baratron Pressure Meters 
read 1 torr. This pressure is allowed to stabilize for a few minutes, 
then the storage bulb valve is closed and the CHBr . in the vacuum line 
is pumped away. With 1 torr CHBr., already in the bulb and a desired 
pressure of 2 torr ethylene, a total pressure of 3 torr is required in 
the storage bulb. The ethylene is introduced into the vacuum system 
until a pressure greater than 3 torr is achieved. When the storage bulb 
valve is opened, the ethylene will diffuse into the storage bulb until 
the pressure equalizes as indicated by the MKS Baratron Pressure Meters. 


When the pressure stabilizes the storage bulb valve is closed and the 
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FIGURE I1.8 Oscilloscope Trace 
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procedure is repeated until a stable pressure of 3 torr is recorded on 
the MKS Baratron Pressure Meters. The vacuum line is then evacuated. 
Argon is then introduced and the pressure monitored by the mercury 
manometer. After the pressure is well past 3 torr the storage bulb 
valve is opened and when 500 torr argon has been admitted, the storage 
bulb valve and the argon supply line valve were closed and the excess 
argon was evacuated. 

The gas mixtures are usually stored overnight to achieve homo- 
geneity. For the flash photolysis experiment, a mixture from one of 
the storage bulbs is introduced into the reaction vessel until a 
pressure of 50 torr is achieved. After flash photolysis the reaction 
vessel is evacuated with the pressure being monitored by the Pirani 
Vacuum Gauge. After proper evacuation the procedure is repeated. 

Due to deposition of materials from the photolysis of the mixtures, 
the reaction vessel was cleaned frequently by rinsing with 10% hydro- 
fluoric acid. The two lamps were also cleaned frequently with 10% 
hydrofluoric acid to remove deposits of silica and metal from the 


electrodes. 


3) Development of Photographic Emulsions 

The Kodak 103a-0 spectroscopic plates were developed in Kodak D-19 
Developer for 3 min @ 24°C, 4 min @ 20°C or 5 min @ 16°C. The Kodak 
101-01 photographic film was pre-rinsed in distilled water for 1 min 
and then developed in a solution of 50% Kodak D-19 Developer and 50% 
distilled water for 4 min @ 20°C. Both the photographic plates and 
films were then rinsed successively in a stop bath (1-2% acetic acid) 


for 1 min, in Kodak Rapid Fixer for 4 min and running water for 20-30 
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min. The photographic materials were then air dried and placed on the 
microdensitometer for scanning. 
C. Materials 

The materials used in this study, their sources and source purity 
level and methods of purification are listed in Tables II-1-II-3. 
Generally, the materials were introduced into the vacuum system, de- 
gassed several times to remove air contamination, distilled from trap 
to trap with retention of only the middle fraction and stored in 
vacuum tight bulbs. The purity of some of the compounds was checked 
by gas chromatography. The samples were introduced onto an 8 ft. 
Paropak N column operating initially at 53°C with a helium flow rate 
of 40 ml/min. After 20 min the temperature was increased at the rate 
of 3 deg/min until a temperature of 165°C was reached. The samples 
were detected by a Gow Mac type thermal conductivity detector and 
analyzed on a Varian CDS 101 recorder. Table II-4 lists the retention 
time and purity level of the samples that were analyzed by gas 
chromatography. The ultraviolet absorption spectra of some compounds 


were recorded on Unicam SP 800 instrument using a gas phase 10 mm cell. 
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Table II-1] 


13% 


Purification of Inorganic Compounds and Alkanes. 


Material 


Fluorodibromomethane 


Chlorodibromomethane 


Bromoform 


Silicon Tetrabromide 


Hexachloradisilane 


Argon 


2-methy1propane 


source and Purity Level 


PCR chemicals 
97% 


Eastman Organic Chemicals 


Eastman Organic Chemicals 


Alfa Chemicals 


PCR Chemicals 


97% 


Matheson 


99.952 


Phillips Petroleum Co. 
99.8% 


Purification 
Distilled at -63°C 
trapped at -107°C 
Distilled at -23°C 
trapped at “78°C 
Distilled at O°C 
trapped at -78°C 
Distilled at 0°C 
trapped at -78°C 
Distilled at 0°C 
trapped at -78°C 
Passed over Cu at 
350°C and then 
Molecular Sieve 
5A 
Distilled at -107°C 
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Material 


Ethylene 


Propylene 


1-Butene 


t-2-Butene 


2-methyl-2-propene 


(iso-Butene) 


2-methyl-2-butene 


2,3-dimethyl -2- 


butene 


Table II-2 


Purification of Alkenes. 


Source and Purity Level 


Matheson Gas Products 
99.98% 
Phillips Petroleum Co. 
99.8% 

Linde Gas Co. 
99.8% 

Phillips Petroleum Co. 
99.8% 

Linde Gas Co. 
99.8% 

Chemical Samples Co. 

99% 
Chemical Procurement Labs. 


99% 


74, 


Purification 
Distilled from -160°C 
trapped at -195°C 
Distilled from -145°C 
trapped at -195°C 
Distilled from -112°C 
trapped at -160°C 
Distilled from -112°C 
trapped at -160°C 

Distilled from -107°C 
trapped at -160°C 
Distilled from -78°C 
trapped at eh ane 
Distilled from -63°C 


trapped at OG 
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Table II-3 


Purification of Alkynes. 


Material Source and Purity Level 


Acetylene Matheson Gas Products 
| 99.6% 
Acetylene-d, Merck, Sharpe and Dohme 


of Canada, Ltd. 


Propyne Matheson Gas Products 
99.7% 

1-Butyne Chemical Procurement Labs 
99% 

2-Butyne Farchan Research Labs 

1-Pentyne Chemical Procurement Labs 
99% 

2-Pentyne Chemical Procurement Labs 


99% 


2,2,5,5- tetramethy | 
3-Hexyne 


Chemical Samples Co. 
99% 


Perf luoro-2-Butyne Aldrich Chemical Co. 


lie 


Purification 


Distilled from -131°C 
trapped at -160°C 
Distilled from -131°C 
trapped at -160°C 
Distilled from -107°C 
trapped at 139; 
Distilled from -84°C 
trapped at =131.C 
Distilled from -64°C 
trapped at S107 -C 
Distilled from -64°C 
trapped at 107°C 
Distilled from -45°C 
trapped at leet 
Distilled from 0°C 
trapped at -64°C 
Distilled from -78°C 


trapped at ene 
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Material 


Acetylene 
Ethylene 
t-2-Butene 


2-methyl-2-propene 
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Table II-4 


Gas Chromatography Analysis 


Retention time (min) Purity Level 
8.3 99.95% 
6.7 99.9% 
44.5 99 .8% 
44.7 99.2% 
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PID SGRESULTS 


A) Halomethylidyne Sources 


The halogenated methanes CHFBrs , CHCIBr. and CHBr were used as 
sources of the halomethylidynes CF, CCl and CBr, respectively in this 
pray cifes it was reported that the most intense halomethylidyne 
spectra were obtained from these halogenated methanes (50,51) and also 
because of their structural similarity. The ultraviolet absorption 
spectra of these halogenated methanes are shown in Fig. III-1 and are 
in agreement with the reported UV absorption spectra of brominated 


methanes (154,155). 


B) Halomethylidyne Absorption Spectra 


1) Fluoromethylidyne, CF 

The absorption spectrum shown in Fig. III-2 results from the 
photolysis of U:15 -torr CHFBr. with 50 torr Argon in a quartz system 
with 2900 J flash energy and 20 usec time delay. Three exposures were 
necessary to obtain the spectrum due to the background absorption of 
CHFBr.. As a result of this problem the CF absorption intensity as 
recorded is weak and the background continuum is not uniform. This 
imposes severe instrumental requirements on the kinetic measurements of 
CF reactions. 

The absorption spectrum observed is due to the nest yey (1-0) 
transition of CF. Four rotational bandheads are observable; ahi 
(224.27 nm), P. (224.18 nm), P, (223.88 nm) and 0, (223.79 nm) in 
agreement with previous observations of CF absorption spectra (30237) 


A very weak absorption, having the same structure as the 1-0 band, is 


i 


ot meas ttt 


16 Bud 97a pHHD OND GEG end eanaizan betemspeted oft 
Liat si yfovetredeta |. Madibne T5920 conuh Ph ightinaiten gah te: 
vb iiyiltene led gone ant arn cid tale berger den tf sant 

oete.tae (f¢,.0@) 2anedian be danabeiest tat geott mor - ben ted vis ft 

horiqyagds IahorvenDd iv Gay errs ldqud 202 thon stl 


eye tins [-T71 .or? mr owele eys donation bar maagos st oesdt to 3 


THNTHO So #199402 Norio ede WY Satyegey ant asiw ! 
(tat eeh 
sti 2992 ootioveedh sunt ute as (d 
v3 Anpttnnioaabaut 
i} mor? eflueay 3-TL] cpr? wi meds widetoere epitareits sit 


usfaye SPisup 6 AT nopWA "OF QE HtSy gw Os ét.0 Yo 2teviot A 
319" zotweegxs senaT Jvsefeb mig ceey OS bne yetana ffagt? u ope i 
10 “otrevweds Srv adosd SHF oy, MB runt ogoe ot eitetdo 09 tse 9: 
th \stanatiys nofagiosds 30 pil mag her ahat Yo trues 6 aA <A) 
een may he SoM. 2k man hoa haupreg tend at? ons taow 2h babyo>ay. 
Wo einonornesom stents a 0 sjntingtvpay tatremmentent eevee 2szoqmi | 


_— 


+34 ait oF sub at Boyvwaedo our 32992 NOt qroeds anit ) : 


g(t esfoty 19200. 546 ebsadbns: iseotistoy wor cr) to notttenss? 
ni (inn OES) Gb: Ci A) 49 tee GEIS ow Kee ALAS 
ATELOE) evtosye nottareade 37 Ya enohtewreeds auetverg ddiw tnemeetps 
et ,biett we ae onidaude sake oad gvtveit nottqroads Wsew YOY A a 


: 7 
it 
> 


a 7 , 
; : ¥. at 
_ as ae > PT ie oo) 7 | oe 


toast). eX 


1&; 


“saueyzaly payeuaboley 40 euzoads uoLjduosqy AN °L-III‘6L4 


(Wu) YyBUSsjaAeAA 


OSE Gce OO€ 
008L CCC 
OOEL L02d 
OOLL CCC 
ee \-W) 3 (wu) 


GLC OSC SCC 002 


80 
ey 
GHO ¢ At 
“IGIOHD «2 


Zg4Ho ot ct 


vl 


A 


eourqiosay 


* or 


robt ps4 


‘ 
. 


f 
- 


uh YF eOe® 


¢ 
' 


ee TEi-i" 


_anoysatipp (us) 


Vice 


(o-1 ‘(8) lzX-, zy) 4D JO winayseds uojdiosqy ° 2-111 76:4 


(e445) 
VOU Ag 7aA Aq 
(<q) 
Wu SL’pez an 


(+a) 
wu gg°EzZ 


a 2 sun 


(to) 
6L°EtZ 


Xt 


~- 
4 
Lf 


4 
by 
=) 
Vv 
S.. 
; 
3 


_ 2 a 
- ‘ ety 
i i ae 


» © 


eel 


are Pi. 
7 


_ 


80. 


seen at 233 nm after five exposures. This system is due to the 
(0-0) band of the aes*-x¢n transition. 

In earlier flash photolysis studies on CHFBr. » the absorption 
spectra of CBr (xr) and HCF("A,) were observed, along with other 
unidentified transient spectra (122). In this study a weak absorption 
spectrum due to the eBr(“s-“n) transition was observed, but no spectrum 
attributed to HCF could be seen. 

For kinetic measurements, the Po» Py and Q1 absorption bands of 


the 1-0 transition of CF were used. 


2) Chloromethylidyne, CC] 

The absorption spectrum shown in Fig. III-3 results from photo- 
ysis of .0.30 torr CHCIBr., with 50 torr Argon in a quartz system with 
2900 J flash energy and 20 usec delay. One exposure is sufficient 
to record the spectrum which is due to the A? (b) - x-n(a), 0-0 trans- 
ition of CCl. The assignment of the bandpeaks was made on the basis 
of the rotational analysis of the spectrum by Verma and Mulliken (46). 
The wavelengths were determined by calibration with an iron arc 
spectrum and agree with the reported spectrum. 

Another absorption system of CCl was observed very weakly 
following the flash photolysis of 0.60 torr CHCIBr., with 100 torr 
Argon. Six exposures were necessary to obtain the spectrum, due to the 
background absorption of CHCIBr.,. The spectrum consisted of two diffuse 
bands with peaks at 230.43 and 231.15 nm which are in agreement with 
previous reports (57,92). The spectrum is tentatively assigned to a 


Bos -x¢r transition but no detailed spectral analysis has yet been done, 


ahi 
a 
‘ ay -, 7] j 
vit tf gub of sepa SEAT ceesucdqne 9v?t oa 
wgisPannrs ft 5. nS, ort Yo bed (6 
1. of yee) Ae etary etev Latade fast? Reape a 
. ' 

iw irad cuyeys é Waa Taste 6." whe it Dh a Sy) ag to 
ined hips (era at cay! ], “it swe inalzand bor 
~~ © v " re 
mypee eye | -eviemiy, pee Hest etnwn | ]9o wAb of mes 
i MS 
‘\ oe eh ti , ; i: &. 

2 wh ti wea. TR basint 

re ,? , 9 ot? . 2ionnevernem SESE Wt 
. a ; 


basi osew T Oo soritanary OL ott 


(Da -amgh? tyihenere lids : 

ot HT nwt nen oad sonra. on? : 

Nye ed Vida on ee Oe SGT ge 107 ae gM 907 ve .0 +9 bie ; 
Sait ge-ar Stages aR ght oney “UY. bua vyraiye deur fe 


a a (ayarn m7 OF Gub ai aphiw marvipage ote 
ed ef om coon acy Slee aee 78 Snowag eee wit xf 10 aot t 
(70) ned it lite see. ed eigen arte te chevfans tinghtstoy 
wis ove we diesen RED yd Badlands ava efggnetoven AT 
aio iat P96 2 habocaen eit a3 fw serge bas pins 

i iwew yaev begelh oem 5%. % Wad evs nbtryneds varizonA 
nya OOl ably OTOH 9 Mp atayfosodg dealt std ontvotte 
eee) Guys qwd>ene ad, ARRON wana svew sequeogxs £2 Leap G 
lub owt to hetzienus muiigns eat OHS to mitevoede baweryiod’ 
AT Inammeeys nt cab ate ame AE, TES toe 29.008 am ahaa tal abned 
Bot hanpless wilettosnal 2t-ommdomle Of . (80,58) atroget austen ~ 
jenn teat dey cad ‘etealen pareeen bel tsish on tod notatensd on-a%a 


a 4) i) ¥ h 
} a | 
ia 
x 


; i) 


ee 


oil 


(¢ 'O. ‘Cd) 
Wu 68°8l7c 


( 0-0 “(@) 11 zX-(4)Vz VW) 19D 4O winsyoeds uondiosqy ‘€-III°6:4 


(+d) 
(hy) 
wiu US Oe ia 9°L1Z 


(“y‘eo) 
wu 8°gZz 


5 (Ze ‘Ho) 
wu J8°Zl7e 


we 


i487" G=) 


= 
ad 


pheciow 
wo. CCI f 
WReobycu y's” 
x 


elt rire 


In other flash photolysis experiments on CHCIBr, (94), absorptions 
due to CBr (x¢n) were also observed, along with the Swan bands of Cy 
and also bands of Br, which were present at longer delays. Absorption 
due to HCCI (A, ) was also observed. In this study, in addition tu the 
CCI (x*n), only the CBr (x°n) absorption at 301 nm was observed weakly. 

The intense, sharp absorption band at 277.87 nm used for kinetic 


analysis, which is a combination of two band heads, Qy and oa wil] 


be referred to as the Q band. 


3) Bromomethylidyne, CBr 

The transient absorption spectrum shown in Fig.III-4 results from 
the flash photolysis of 0.10 torr CHBr. and 50 torr argon. One exposure 
was sufficient to record this spectrum which was taken with an acci- 
dental time delay of ~5 usec, not normally available. This short 
delay results inthe observation of absorption bands due to vibrationally 
excited species. These absorptions are the (Q)> 1-1) and(Q.. 1-1) bands 
of the Ce een) transition of CBr and were normally not observable. 
The assignment of the bandheads was made on the basis of the rotational 
analysis carried out by Dixon and kKroto (68). The wavelengths were 
determined by calibration with an iron arc spectrum and agree with the 
reported spectrum. An attempt was made to observe the second reported 
absorption transition of CBr at 249 and 252 nm (57). A spectrum from 
the flash photolysis of 0.2 torr CHBr 3 in 100 torr argon with a time 
delay of 15 usec showed no observable absorption in this region 
although the background continuum was strong and the A-X absorption 
intensity high. -Perhaps more exposures at shorter time delays with 


higher pressure of CHBr-, are required to observe the absorption although 
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no comparison can be made because of the lack of experimental detail 
in the literature report (57). 

A careful check was always made for the absorption spectrum due 
to the cost - ar transition of CH at 314.3 nm due to the claim to CH 
production from the flash photolysis of CHBr 4 (76-78). Flash photo- 
lysis was also carried out in a suprasil vessel but CH absorption was 
never detected. The Q> 0-0 band of CBr at 301 nm was used for kinetic 


measurements. 
C) Measurement of Beer Absorption Law 


The absorption band intensity of the halomethylidyne is trans- 
formed by the microdensitometer into the absorption peak height. The 
peak height as recorded is linearly proportional to the optical density 
on the photographic plate. Therefore the following relationship should 


exist 
Peak Height a Optical Density = Absorbance = ecl 


if Beer's absorption law is followed (where c is the molar extinction 
coefficient, c is the concentration of absorbing species and 1 is the 
path length). Therefore this relationship must be tested. If it 

holds, then a plot of absorption peak height vs path length should be 
linear and pass through the origin of the coordinate system. These 
graphs were plotted for each of the halomethylidyne absorption bands 

and are shown in Fig. III-5 and III-6. The data were obtained by flash 
photolysis of the standard mixtures of the halomethylidyne sources 

with various portions of the reaction vessel covered up, thereby varying 


the path length, 1. The concentration of the halomethylidyne remains 
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constant at a fixed time delay. The graphs demonstrate that while the 
Beer absorption law holds for the Po and Py absorption bands of CF, it 
fails for the Q absorption bands of CF, CCl and CBr as shown by the 
negative curvature. This negative deviation from Beer's law is caused 
by poor instrumental resolution and occurs when the absorption band 
width is of the same order as the spectral band width (60,148). In 
such cases, the measured absorbance is no longer directly proportional 
to the concentration of the absorbing species and a modified form of 


the above relation exists: 
Absorbance = e(cl)Y 


The Beer coefficient, y, is an empirically determined correction factor 
whose value is dependent on the type of absorption system studied. The 
relationship between the absorption peak height and concentration 


becomes: 


Peak Height (P.H.) a e(cl)” 
In (P.H.) = [In(ec’) + yln 1] 


Thus a plot of In (P.H.) vs In 1, at a fixed time delay, gives a slope 
of y. Fig. III-7 shows these plots for the Q absorption bands of CF, 
CCl and CBr. The slope, y, was determined by standard least squares 
analysis and the average values are listed below. Each experiment 


consisted of -seven points. 
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Absorption Band y No. of expts. 
cF(A‘s*-xn) Q,, 1-0 0.85 + 0.05 5 
CC1 (Ao a-x°r) Q,> 0-0 0.51 + 0.04 4 
CBr (AC a-X°m1) Q,> 0-0 0.66 + 0.05 4 


D) Decay of the Halomethylidyne Spectra 


Now that the relationship between absorption peak height and 
halomethylidyne concentration has been established, the disappearance 
of the halomethylidyne can be employed for kinetic measurements. A 


first order expression for the decay of halomethylidyne is as follows: 
-d{CX] = k'[CX] 
dt 
which is integrated to give 
In [CX] = -k't + const. 


my 
From the previously established relationship P.H. of[Cx] e etheerinal 


form of the rate expression is derived. 
In (P.H.) = y,,k't + const. 


The decay of each halomethylidyne spectrum was analyZed and the best 
fit to the data was given by this first order decay expression as shown 
by the linear proportionality of the graphs of In es vs time for 
CF, CCl and CBr spectra (Fig. 111-8, III-9). This pseudo-first order 
background decay is in complete agreement with other kinetic measure- 


ments involving methylidyne and halomethylidyne reactions (54,55,73,79 
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83,93,96). The slope of these plots is aS and therefore by 
correcting the decay of each halomethylidyne spectra by its Beer 
coefficient, Yee the background rate constant k' can be determined 

for each halomethylidyne. Tables III -1,2 list the average values of 
k' for each halomethylidyne spectrum under a variety of conditions. 

One of the most important factors to note is that the background rate 
constants are fast, almost reaching the limits of measurement of the 
flash photolysis technique operating on a microsecond time scale. 

The fastest decay rate constants that can be measured are approximately 
30-40 msec”-, depending upon the intensity of the absorption. From 

the limited results, the background rate constants seem to be independ- 
ent of wavelength and temperature. However Choi (54) found the back- 
ground pseudo first order rate constant for CCl to be dependent on 
flash energy and concentration of CHCIBr, . These results indicate that 
the halomethylidynes decay by radical-radical reactions with the 


photolytic products. 


E) Reaction of Halomethylidynes with Alkenes 


The following series of alkenes was investigated: ethylene, 
propylene, 1-butene, t-2-butene, 2-methyl-2-propene (isobutene), 2 methy1- 
2-butene (trimethylethylene) and 2.3-dimethyl-2-butene (tetramethylethyl- 
ene). Figure III-10 shows the gas phase ultraviolet absorption spectra 
of three of the alkenes, which agree with the literature absorption 
spectra (149). The main absorption, V-N, occurs below 200 nm, but with 
increasing alkyl substitution, a shoulder due to the R-N absorption band 
extends into the far ultraviolet, which is readily apparent for tetra- 


methylethylene (203). For trimethvlethylene this absorption is much less 
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Table III-2 Background Rate Constant, k', for 


CBr Decay? 
k' (msec™!) Temperature (deg K) 
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2Photolysis Wavelength, x > 220 nm; flash energy, 2095 J 
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intense and for isobutene it is negligible, as it is for the other alkenes. 
The photolysis of tetramethylethylene maypresent some problems in the 
determination of reaction rate constants. 

In the presence of a reactive substrate such as an alkene, the 


rate expression for the decay of halomethylidyne, CX, becomes: 


-d[CX] ' 
=a ee ko [SIECX] = k"( OXI, 


where [S] = concentration of substrate 
ko = rate constant for reaction of CX with S 
Ra ke + ko[S] 


This expression integrates to 
In[{CX] = -k"t + const. 


and using the expression relating absorption peak height and halo- 
methylidyne concentration gives the following kinetic expression for 


the decay of halomethylidyne in the presence of a substrate. 


In(P.H.) oy bevy t const. 


Therefore a plot of In(P.H.) oy vs. time gives Se as the slope. The 
value of the slope was determined by standard least squares analysis. 
Figures III-1]1 to Figures III-15 are typical plots and show the increase 
in the slope, Fite has (i.e. increase in the decay rate) with increasing 
substrate concentration, indicating reaction of CF, CCl and CBr with the 


substrate. The pressure of a substrate was converted into concentration 


using the Ideal Gas Equation PV =nRT. 
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Pig. lll-)1. Lav(R Hejvsenimne for CF(Q,) absorption peak in presence 


of Ethylene; @ - 0.0 micromolar, M -32.6 micromolar and 


A - 62.5 micromolar. 
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Fig. III-11. Ln (P.H.)vs Time for CF(Q,) absorption peak in presence 


of Ethylene; & - 0.0 micromolar, M -32.6 micromolar and 


A - 62.5 micromolar. 
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Fig. III-14. Ln (P.H.) vs Time for cC1(Q, ) absorption in 
presence of Isobutene; @-0.0 micromolar, 


A -6.15 micromolar, ()-8.98 micromolar. 
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1) Reaction of CF with alkenes. 

It was mentioned above that at least 3 exposures have been 
necessary to obtain the CF absorption spectrum. This requires that 
the flash photolysis apparatus fire off three times in succession with 
exactly the same time delay. This requirement for reliable and 
reproducible time delays was a major instrumental problem which took 
considerable effort and time to resolve. 

For CF on the average,three decays of the absorption spectrum were 
analysed for each concentration of substrate. Due to the weak absorption 
Signal obtained, the results are scattered. Therefore for each absorp- 
tion peak an average value of Toe was determined. From the kinetic 
expression derived above, k" = k! + ko[SI, the second order plot of k" 
versus [S] gives k5 as the slope and k' as the intercept. 

For the reaction of CF with ethylene, a value of ko was determined 
separately for each of the three CF absorption bands, Pos P, and Q,- 
Within the rough precision of the experiment, no difference was found 
between the values of ko» as expected. Therefore the decays of the CF 
absorption bands were averaged together as follows. For each absorption 
band an average value of vee was determined from three decays of the 
spectrum. The Q, absorption band was corrected for its Beer coefficient, 


y = 0.85, while for the P, and Po absorption bands this was unnecessary 


] 
since y = 1. The values of k" were averaged together to give an overal] 
value for the CF absorption spectrum k"(CF). The values of k"(CF) as a 
function of alkene concentration are listed in Table III-3. Fig. III-16 
shows the corresponding plots of k"(CF) versus [S], concentration of 


alkene. The slope of these plots, which is ko, the reaction rate 


constant for CF + alkene, was determined by standard least squares 
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Table III-3 k"(CF) as a Function of Concentration for the Reaction 
of CF with a) ethylene b) propylene c) t-2-butene and 


d) isobutene. 


a) Ethylene b) Propylene 

conc. (micromolar) k"(msec™!) conc. (micromolar) k" (msec!) 
0.0 10.4 + 0.7 0.0 N0.6 + 0.9 
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Fig.III-16. k"(CF) vs [S],concentration of alkene, for four 


alkenes. 
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analysis. Since we have an average value of k" with its standard 
deviation which is shown as error bars in Fig. III-16, a weighted least 
Squares analysis can also be performed. No significant difference was 
observed between the standard and weighted least mean squares analysis 
results. The rate constants determined for the reaction of CF with 


alkenes are listed in Table III-4. 


2) Reaction of CCl with Alkenes 

For the reaction of CCl with alkenes, four decays of the cc1(Q, ) 
absorption peak were analysed for each concentration of the substrate. 
Therefore an average value of Yeck" was obtained and Table III-5 lists 
average values of Yeck" for the reaction of CCl with some alkenes. 
Fig. III-17 shows the plots of yk" versus concentration. The slope of 
these plots, which is Yee ko was determined by standard and weighted 
least squares analysis and no significant difference was found. These 
values were corrected for the CCl Beer coefficient (vy = 0.51 + 0.04) to 
give the second order reaction rate constants, kj, for the reaction of 


CCl with alkenes, which are listed in Table III-6. 


3) Reaction of CBr with Alkenes 

The second order rate constants for the reaction of CBr with 
alkenes were determined using the CBr (Q, ) absorption band in exactly 
the same method as determined for the CCl reactions described above. 


The results are shown in Tables III-7 and III-8 and Fig. IITI-18. 


F) Reactions of CBr with Alkynes 


The reactions of CBr with a series of alkynes were also studied. 


The alkynes studied were: acetylene, acetylene-do, propyne, 1]-butyne, 
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Table III-4 Second Order Rate Constants, 


ko for the Reaction of CF with Alkenes 


Substrate ky Xx oe He sect No. of Decays* Bae e ey ihe 
Ethylene 0.04 + 0.01 65 O-= 2.18 
Propylene Oe SH gerd ORD 65 0 - 0.40 
1-Butene OA sO] 7] 0 - 0.30 
trans-2-Butene ee bee Oe ie 69 0 - 0.16 
iso-butene Wile O23 68 0 - 0.16 


*The average number of points on each decay plot was 6. 
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Table III-5 yk"(CC1) as a Function of Concentration 
for the Reaction of CCl with 


a) ethylene, b) 1-butene, c) iso-butene, d) 2-methyl-2-butene 


a) ethylene b) 1-butene 


conc. (micromolar) yk" (msec™') conc. (micromolar) yk"(msec™!) 
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Fig. III-17. vk"(CC1) vs [S],concentration of alkene,for four 


alkenes. 
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Table III-6 Second Order Rate Constants, 


Ko» for the Reaction of CCl with Alkenes * 


Substrate ky X 107M! secm! No. of Decays SESE 
Ethylene Oe Gre. OE 32 Ore 75 
Propylene TEGLAS eis 52 0 - 0.56 
]-butene UR eas Ubu 30 OF=FOE35 
trans-2-butene CeCe Eee ec 38 0- 0.17 
iso-butene 32). Gre 0G3 32 0 - 0.17 
2-methyl-2-butene aa elie | 3] 0 - 0.084 


2.3-dimethyl -2- 
butene 14? 1a 2 28 0 - 0.044 


* The average number of points in each decay plot was 7. 
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Table III-7 yk"(CBr) as a Function of Concentration 
for the Reaction of CBr with 
a) ethylene, b) propylene, c) trans-2-butene 


and d) 2,3- dimethyl-2-butene 


a) Ethylene b) Propylene 

conc. (micromolar) vk" (msec!) conc. (micromolar) vk" (msec™!) 
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Fig. l1I-18. yk"(CBr) vs [S],concentration of alkene,for four 


alkenes. 
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Table III-8 Second Order Rate Constants 


for the Reaction of CBr with Alkenes~* 


9 ] Pressure Range of 


Sota. 
Substrate ko x 10 “M sec No. of Decays Substrate (torr) 


Ethylene 0.52 + 0.2 32 0 - 0.69 
Propylene Fo 1082 30 0 - 0.29 
1-Butene Se Pe 30 0 - 0.14 
trans-2-Butene 1.4 atv GU, 32 0 - 0.076 
iso-butene oe sa | 3] 0 - 0.061 
2-methy1-2- 

butene lim et Oe2 32 0 - 0.023 


2,3-dimethyl -2- 


bu tene ZS 45 0 - 0.020 


I+ 
aD 


i en 


* The average number of points in each decay plot was 8. 
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2-butyne, 1-pentyne, 2-pentyne, 2,2,5,5- tetramethyl -3-hexyne and 
perfluoro-2-butyne. The reactions were analyzed in exactly the same 
manner as before although fewer decays were taken. Fig. III-19 shows 
the change in the decay rate of CBr as a function of 2-butyne pressure. 
Fig. III-20 illustrates the reaction of CBr with 3 different alkynes. 
Table III-9 lists the second order rate constants for the reactions 


with alkynes. 


G) Temperature Dependence of the Reactions of CBr with Alkenes 

To check the effect of temperature on the reactions of CBr with 
alkenes, a double walled quartz reaction vessel was used. This reaction 
vessel was connected to a Calora temperature bath and ethylene qlycol 
was circulated through the outer wall of the reaction cell to requlate 
the temperature which was varied from 25 - 150°C. The ethylene glycol 
had an absorption beginning at ~ 220 nm, so this was the effective 
wavelength cutoff. Whenever the ethylene glycol became colored by 
decomposition, it was replaced with a freshly distilled sample. The 
mixtures were photolyzed with 2095 J of flash energy. The bromoform 
pressure was varied so that the concentration remained constant with 
temperature. The total pressure of the mixtures was 75 torr. The 
decays were analyzed in exactly the same manner as described before 
for CBr reactions. The temperature dependence of the second order rate 
constants for the reaction of CBr with ethylene, trans-2-butene, 2,3 
dimethyl-2-butene and iso-butane is presented in Table III-10. The 
Arrhenius plots of these data are shown in Figs. III-21, 22. Standard 
least mean squares analysis of these Arrhenius plots yielded the 


Arrhenius parameters listed in Table-III-11. 
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Fig. III-19. Ln (P.H.) vs Time for cBr(0, ) absorption peak in 


presence of 2-Butyne. 
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TABLE III-9 


Bimolecular Rate Constants for CBr Reaction with Alkynes 


Substrate ky x 107M" 's”! (298°K) 
baths 0.081 + 0.007 

50> 0.072 + 0.017 

Coty Wises 6 
eens al 

Ie Gals 3860.8 
BectGalln 2445 

cae Cel 20+3 
(CH.)¢-C=C-C- (CHa) eee 

ae a F 0.020 + 0.002 
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Table III-10. Second Order Rate Constants ,k., for Reaction of CBr with 


Alkenes and 2-methylpropane as a Function of Temperature 
-] 


Substrate 


Ethylene 278 
338 
379 
423 


t-2-Butene 298 
S26 
348 
SYS: 
398 
423 


2,3-dimethy]- 273 
2-butene 298 
313 
328 
358 
383 
403 
413 
423 


2-methyl propane 298 


Temperature(deg K) 


Keex: 10° 


(z 


0.58 
0.54 
0.46 
0.44 


14 
1] 
1] 
1] 


20 
18 
15 


0.0016 
0.0042 
0.0066 
0.0072 
0.0089 
0.014 


I+ 


MMW WwW WW WwW WwW W 
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Mo see 
04 
06 
06 
.06 


eo! (2) J © 


ee ee ee ee ee ee 


0.0005 
0.0006 
0.0007 
0.0008 
0.0009 
0.001 


No. of Decays* 


3] 
16 
16 
16 


24 
16 
16 
16 
16 
16 


14 
SZ 
16 
16 
16 
16 
16 
16 
16 


12 


nl 


* The average number of points in each decay plot was 8 
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Table III-11. Arrhenius Parameters for the Reactions of CBr 


Substrate E. (kcal mole!) A(107? M7 sec7!) 


Ethylene 206° OFS OF?" O74 
t-2-Butene Usa Or 3 a pai 
2 ,3-dimethy1-2-butene” -1.9 + 0.3 19 Be 
2-methyl propane oe idle BPE) Aes a 


* Determined from straight line part of Arrhenius plot at high 
temperatures (see Fig.III-22a). The parameters determined by a 


standard least squares analysis on all the data are: 


E, = -1.2 40.3. kcal note endah ae ee 
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H) Halosilylidyne Sources 


The halogenated silanes SiBrg and SinCl¢ were used as sources of 
the halosilylidynes, SiBr and SiC] respectively, since it was reported 
that the flash photolysis of these compounds produced the absorption 
spectra of the halosilylidynes (156,157). The ultraviolet absorption 
epeetra of these halogenated silanes are shown in Fig. III-23 along 


with that of hexamethyldisilane. 


I) Transient Absorption Spectra from Photolysis of SiC] ¢ 
The absorption spectra shown in Fig. III-24 and III-25 result from 
the flash photolysis of 0.20 torr SinCl with 50 torr Argon in a quartz 
system. One exposure with a flash energy of 2900 J at 40 microsecond 
delay were the conditions used to obtain the spectra. 
The absorption spectrum shown in Fia. III-24 occurs in the region 


274-297 nm and is due to two transitions of the SiCl radical; post -y2n 


and Bie ne There are a series of vibrational bands associated with 
the first transition. The wavelengths of the absorption bands were 
determined by calibration with an iron arc spectrum and are listed in 
Table III-12. The assignments were made by comparison with the reported 
spectra (152). 

The absorption spectrum shown in Fig. III-25 occurs in the region 
302-340 nm and is assigned to the 'B,-'A, transition of the SiCI, 
radical. The spectrum consists of a series of vibrational bands whose 
wavelengths were determined by calibration with an iron arc spectrum 
and are listed in Table III-13. The spectrum features a vibrational 


progression with an average interval of 148 cm™!. 
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Table III-12 Assignment of the SiC] Spectrum 


Peak No. Assigned Wavelength Transition® Ref. (152) 
(nm) 

] 296.93 A(0-1)Q, 297.00 
2 294,21 ae ae 294.2) 
294.13 (0-0) P. 294.16 

3 292.40 ; Ps 292,43 
292 . 32 pai) 292.38 

4 286 54 2 286.58 

A(1-0) 

286.49 0, 286 .52 

5 285.17 A(2-1) Q, 285 22 
6 282.62 | : gy PZ 282.66 
282 .58 ea) P. 282 .60 

7 282032 B(0-0)P., 282.35 
8 280.99 P, 281.02 
280.93 A(2-0) 0, 280.96 

9 280.68 B(0-0)0, 280.71 
10 219.77 A(3-1)0, 219977 
11 277, 26 A(3-0)P. 27730 
12 275.68 Bs 275.72 
2756S ee 275.67 

13 274.54 A(4-1)0, 274.58 


a) There are two electronic transitions 
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Table III-13 Assignment of SiC15 Spectrum 


rae 


J) Transient Absorption Spectra from the Photolysis of SiBry 
The absorption spectrum shown in Fig. III-26 results from the 
photolysis of 0.10 torr SiBry with 50 torr Argon in a Suprasil reaction 
vessel. One exposure with a flash energy of 2900 J at 40 microsecond 
delay were the conditions used to obtain the spectrum. 

The absorption spectrum observed is due to the Bos-x2q transition 
of SiBr and consists of a series of vibrational bands. The wavelengths 
of these absorption bands were determined by calibration with an iron 
arc spectrum and are listed in Table III-14. Some of the absorption 
bands consist of overlapping transitions from the two subsystems, 
2) and a, » since the magnitude of the spin orbit coupling 
splitting of the ground electronic state in SiBr is nearly identical to 
the interval between the vibrational levels in this state. The vibra- 
tional assignments were made on the basis of the assignments reported 
in reference 151. Absorption bands 1-9 and 11 (see Fig. III-26) were 
assigned while absorption bands 10 and 12-21 had not been reported. 

The vibrational assignments for the unreported bands were checked by 
comparing the calibrated wavelengths with those calculated from the 
following formula given in reference 150. 


1. for subsystem es a where u=v+ 1/2 


vp (em?) = 33571 MeRMbal 2 u'-2.4 u'?) = (425.3 um=1.5 0") 
ead 
2 are. es 
2. for subsystem <r- 11379 where u=v+ 1/2 
-| 1 We 1 ue 
(om): =) 9315820 eee 2 u* 2.4 ou SpA ara! oan 


Yhead 


No other transitions of SiBr were investigated in this study. 
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Table III-14 Wavelength Calibration of the 


Absorption Spectrum of SiBr (Box-x2r) 


Absorption Wavelength Vibrational Assignment 
Band (nm) (vi-v") 


Carte ee 
E-Thy 72 E-"l3 79 


] 304. 80* 0-2 0-1 
2 300). 96% 0-1 0-0 
3 299701 1-2 1-1 
~ 297 ale™ 0-0 

5) 296 .08* 1-1 

6 295 90% 1-0 
7 294.66 2-2 2-1 
8 eae ange h Ee 1-0 

9 Zoe O8F 2-1 2-0 
10 289.94 3-2 3-1 
Lia) 201 200° 2-0 
Ue 286 .45* 3-] 3-0 
13 285.34 4-2 4-] 
14 28301% 3-0 

3) Zols Io" 4-] 4-0 
16 280.97 5-2 5-1 
hy i Ron aS) Os 4-0 

18 G7. 03 5-1 5-0 
ig 276 MD 6-2 6-1 
20 274.45 5-0 

2] 27 335 6-1 6-0 


*indicates the bands observed in quartz photolysis system. 
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The absorption spectrum shown in Fiq. III-27 results from the 
flash photolysis of 1.0 torr SIBry with 30 torr Argon in a quartz system. 
One exposure with a flash energy of 2900 J and 50 microsecond delay were 
the conditions used to obtain the spectrum. The absorption occurs in 
the region 342 - 400 nm with a maximum at 362 nm and is assigned from 


this study to the "Bye Ay transitions of SiBr, (see Discussion). 


K) Analysis of the SiBr Spectrum and Decay 


Three absorption bands of SiBr were analysed for kinetic measure- 
ments, peaks 4,8 and 11 (see Fig. III-26) which correspond to the 
vibrational bands 0-0, 1-0 and 2-0 respectively of the B~"my 70 
electronic transition. Therefore all three transitions are due to the 
ground vibrational and electronic state of SiBr. All three absorption 
peaks were found to obey Beer's absorption law (see Section III-C). 

The decay of the spectra followed first order kinetics with all three 
peaks having the same background decay, k' = 27 + ] msec” | (see section 
III-D). When ethylene was added to the mixture, the intensity of the 
peaks was strongly diminished and the decay rate became very inconsistent. 


The results are shown in Table III-15. 


L) Analysis of the SiCl and SiCl5 Spectral Decay 


The SiC] spectrum was weak and decayed too rapidly to allow 
reliable kinetic measurements. However, the SiCl5 spectrum decay was 
slow enough for analysis. The background decay followed first order 
reaction kinetics, k' = 18 + ] msec |. Table III-16 shows the results 
of adding ethylene to the reaction mixture. An upper limit for reaction 


7 
rate constant of SiCl, + ethylene can be calculated to be ko ee at wy 
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Table III-15. Decay of SiBr bands in presence of Ethylene 


Conc. (micromolar) k" (msec!) 
(0-0) (1-0) 
0.0 72d oN a | C5 e4 ae Oise ZOe0 
5.04 Ca Or oe A 25.0 Welk 2h 
10.69 3073.2 13.1 24a One eo Lei 


Table III-16. Decay of SiC] 


Ethylene. 


Conc. (micromolar) 


0.0 


2 


Absorption in presence of 


k"(msec” |) 
yaeekice, 10s) 
16. O's2e.026 
10. 2.-2),.050 
187822086 
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IV. DISCUSSION 
A) Photochemistry of Halogenated Methanes 


The absorption spectra of halogenated methanes are due to a no™ 
electronic transition, n being the lone pair orbital on the halogen 
and o* the antibonding orbital for the carbon-halogen bond. The o* 
orbital is formed from out of phase combination of the carbon sp 
orbital and halogen p orbital and therefore possesses a large amount 
of p character. Since px+p transitions are forbidden by the Laporte 
selection rule, the intensity of the n+o* transition is weak resultina 
in low molar absorption coefficients (154). 

This ultraviolet (no*) photolysis of halogenated methanes results 
in dissociation of the weakest carbon-halogen bond (60,154). The 
dissociation energy of the carbon-bromine bond in brominated methanes 
is 60-70 kcal mole’! (60,158). From the absorption spectrum of the 
brominated methanes shown in Fig. III-1, one can calculate the amount 
of energy absorbed at the peak maximum and how much excess energy is 
available after bond dissociation using an average D  (Br-CHXBr ) of 


approximately 65 kcal molerh. 


Excess Energy (kcal mole!) 


CHF Br —_——>_ CHFBr + Br 64 
CHC1 Br precreee en e a GLH ih Ce Sa Sg re 
CHBr 3 Ee CHBr. py 64 


Now the question arises as to the distribution of the excess 
energy. CH31 and CHa I, have been investigated with regard to the energy 


distribution after photolysis (159,160). The methyl radical from the 
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photolysis of CH.1 contained 12% of the excess energy while the CHa I 


fragment from the photolysis of CHI, contained 80-90% of the available 


energy. This difference in energy partitioning is explained in terms 


of the impulsive model (60), 


BC 
inte og HA-B 
Evi Up _pe 


where ae is the internal energy of the fragment BC, Eyl is the avail- 


able energy, Wy _, is the reduced mass of A and B and Un_pe 1S the 
reduced mass of A and BC. From the equation, the internal energies of 
the halomethyl radicals can be estimated. The results show that ~80% 
of the excess energy goes into the internal energy of the halomethyl 
radicals: (.78%. for CHFBr, 79% for CHC1Br ‘and 81%. for CHBr,, ). 

Now in order to evaluate Simons and Yarwood's mechanism of 
halomethylidyne arising from the decomposition of vibrationally 
excited halomethyl radicals (50,51), the reaction enthalpies of these 
reactions must be calculated. The enthalpy of formation of the halo- 
methylidynes and hydrogen halides are reported, but AHe values for two 
of the halomethyl radicals have to be estimated (60,113,158). The 


reaction enthalpies are calculated and shown below along with 80% of 


the excess energy available at the absorption maximum. 


Excess =; 

AH(kcal mole”! Ener (kcal mole =) 
CHEB” === CEs ube ine 51 
CB ae 59 ss 
CHCIBr: = CCASeBY 70 58 
=~ SC Bi tae | 60 58 
CHBr =e CB yk nor 61 5] 
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It is clear that in all cases, there is not enough energy available to 
cause the unimolecular decomposition. This does not rule out this 
mechanism because the difference between required and available energy 
is not large and can be accounted for by uncertainties in the calcula- 
tion of the reaction enthalpies and the distribution of the excess 
energy. If the bromomethyl radicals receive all of the excess energy 
available at the absorption maximum or 80% of the excess energy avail- 
able at the short wavelength limit of absorption (200 nm) then there 
is enough to satisfy the reaction enthalpies of the unimolecular 
decompositions. 

The fact that the halomethylidyne absorption intensity is 
quenched by increasing pressure strongly indicates formation from an 
excited precursor. There is also the possibility that secondary 
photolysis of the halomethyl radical produces halomethylidyne. Laser 
photolysis of chlorinated methanes has shown that CCI (A2A) is formed by 
absorption of 2-3 193 nm photons although the mechanism of photolysis 
is uncertain (59). 

Therefore the mechanism of formation of the halomethylidyne 
suggested by Simons and Yarwood should be complemented with the 


possibility of secondary photolysis. 


CHXBr eS): nT 


Cher =) = CX HBr 


em cer + HX 
ey: 
CHXBr — PY ee CX + HBr 


Saag say 


136 


is 
iv 


is etactien a ; te at eee 
it? suo shu daw! 2b ABA aoa a 
cron side has bam bon upen.. neon 
rap dt ae ‘agtaat ation w vot boomagaas ph 

ray wit Wy votaadineat wilt bas oa hatadine Wottaee att Yo 
ramon ott Yo The avhsaan featban Fedsmomond sit 14 
eh Yorans azoxy sna! EOE “a gat x00 nu tiqvends sits ore 
qaorty agit (en OS) woh dqroatiy, 6 rer regret aval Hite i # 
| rae wed "0 brates wotases ity wiged 


a \ 


‘) Vilenatel woltetovds sorb Wty ne Foe oils asst ssh 

re OOM) not hed? sarerthay uote eurcbre pnitenerant'y 

oon Jota yeh teteade OF patie at att sro 

rena), weve tT Va eanaivorie, tisther hese itt me 
b ewrvert ae Com) 0: aa a ae annanian baosnbroths. Ye 

ataybanedit "aa! wednutinel weit i etitiliiiaials mn We = 6 fo 

ony gel t 94 on % viene 

wil. Ae hy byokeluie teed wt 


B) Background Reactions and Decay of the Halomethylidynes 


The background rate decay of the halomethylidynes is best 


described by a first order decay: 


SGN] wt 
ae Kiet FG 


Since the halomethylidynes must be reacting with other species, the 


background rate decay is pseudo first order 


-d[CX] 
Clee = kpIRIICX] 


where k, ER] = k' and [R] is effectively constant during the decay of 
CX. The problem now is to establish what R is and what reactions are 
removing CX. 

Photolysis of CHXBr. by the accepted mechanism results in a 


variety of photolytic products: 


CHXBr + Br 


soy 


CHXBr5 ee) oke? or 


archi Af OG hae 


Therefore the possible reactions of CX are the following: 


:CX + CHXBry 9) > 

Meche eee 

CX + ‘Br — 

CX + CX (:CBr) —+ 
5 


“CX + HBR (HX) ——> 
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Because the yield of CX, CBr, HX, HBr is thought to be low (154), 
reactions 4 and 5 are negligible. The background rate constant can 
be calculated if two assumptions are made: 

- assume that either reaction 1 or reactions 2 and 3 are 
mainly responsible for removal of CX 

- assume that a certain percentage of the halogenated methane is 
photolysed. Two cases will be used, 50% and 5% decomposition. 

First the reaction with the parent compound, 1 , will be 
examined. The average values of k' and the initial pressures of CHXBr5 
which are used in the calculations, are listed along with the 


calculated values of k,- 


Reaction k' (msec”!) — P (CHXBr,) k, x 107°" !sec™ 

CF + CHFBr, 10 wile a 1.3 
CCl + CHCIBr, 19 0.30 is ie 
CBr CHBr 3 28 0.10 10 os 


These calculated background rate constants are very high. Comparison 
with reported rate constants for reaction of CCl with halogenated 
methanes (see Table I-€) shows that these calculated rate constants are 
at least 1 - 2 orders of magnitude higher and consequently this reaction 
sequence for removal of CX is considered negligible. 

Now the background rate constant will be calculated in the same 
manner assuming reactions 2 and 3 are mainly responsible for 


removing CX. 
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Reaction k'(msec”!) P(CHXBr,, ) ky x Occ Mreeec 
etree CHEBYandsor 10 Oars Aree K2 
cole* CHCLBr and: Br 19 0.30 a 12 
CBr + CHBr., and Br 28 0.10 5.0 50 


These calculated rate constants agree very well with measured radical 


- radical recombination rate constants which are in the range 10° ~ 


Te Re eec | (162). For example; 
CO sgt se CCl peaenad CoC) k= 3.x 109 unl cecm! (163) 
SCE CleceeeAClal om Cats Clyo1) akamalyXqlOprata cece, (168) 
‘ces acs andere Coke Lo 3 10 eNo sees. (165) 


These results imply that radical-radical reactions are removing the 
halomethylidyne. There is other evidence to support this. Choi et al 
(54) found that the pseudo first order rate constant, k', increased 
with increasing flash energy. The increase in flash energy means a 
greater degree of photolysis and greater concentration of the radicals, 
*CHXBr and -Br, making the value of k ERI larger. 

In this study it was found that k' for CBr was unaffected by 
temperature variation (see Table III-2). This is characteristic of 
radical-radical reactions due to zero activation energy. 

These results suggest that removal of CX after photolysis of 


CHXBr, is mainly due to the following reactions: 


2 
PURMa ec GHND i: wats CHX,.Br 
AE) AG aerate Brat ACAI 
However this interpretation also seems to present some problems. 


For the rate expression to be pseudo first order the concentrations of 
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thereacting radicals, LR], must be essentially constant during the 


decay of the halomethylidyne. Radical termination reactions such as: 


* CHABY) | *CHXBr > CoHoXoBre 


—CHXBRY ts Br se CHXBr,, 
should be quite fast as shown previously and would be expected to 
change the radical concentration. Now the decay of carbynes has been 
reported to be pseudo first order by a variety of techniques such as: 
flash photolysis - kinetic absorption spectroscopy(73,53-55); pulse 
radiolysis - kinetic absorption spectroscopy (83) and laser photolysis 
- fluorescence spectroscopy (79,93,96,121) and all of these techniques 
generate other radicals and are faced with the same problem. The 
solution seems to be that radical propagation reactions are the dom- 
inant reactions during the decay of the halomethylidyne and not the 
radical termination reactions mentioned above. 

In summary, the mechanisms for the generation and decay of 
halomethylidynes have been shown to have many uncertain factors caused 
by the formation of other radicals and lack of experimental detail. 

As a suggestion to further research in carbynes, perhaps the photolysis 
of difluoroacetylene would generate fluoromethylidyne cleanly, which 


would facilitate conventional mechanistic studies. 
C. Reaction of CBr with Isobutane 


The rate constant for the reaction of CBr with 2-methylpropane 


(isobutane) at 298°K is 1.6 x 10° M™!sec”!. since CCl and CBr do not 


display any measurable reactivity with primary and secondary carbon - 


hydrogen bonds ( note the variation of rate constants in Table I-6 
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for CCl reactions with alkanes), this measured rate constant must be 
for reaction with the weaker tertiary C-H bond. This value is one 
order of magnitude smaller than the reported rate constant for this 
reaction (see Table I-8). Since CCl and CBr are expected to have sim- 
ilar reactivity, the rate constant measured here for CBr reaction is 
supported by the reported values for CCl reaction with isobutane, 


, 6 y-1 


> = (4.5 and < 2) x 10° m!sec™! (see Table 1-6). In contrast, CH 
reacts with primary, secondary and tertiary C-H bonds indiscriminately 
at rates close to the collision frequencies (see Table I-4). 

The reaction of carbynes with C-H bonds is believed to be a 
concerted insertion reaction. Carbethoxymethylidyne is reported to 
insert into C-H bonds, but unlike CH which reacts indiscriminately, 


CCO,Et is reported to discriminate between allylic and other C-H bonds 


2 
(95). CCl and CBr, in their reactions with primary, secondary and 
tertiary C-H bonds, display greater discrimination. 

The explanation for this is the effect of substituents on the 
reactivity of carbynes, in the same way as carbenes are affected. 
Singlet methylene, CHy('A,). inserts very rapidly into C-H bonds (see 


Table I-4). However CCl, and CBr, discriminate greatly between C-H 


2 
bonds preferring to react with tertiary and allylic C-H bonds (2). To 
explain this increased reactivity of weaker C-H bonds a polarized 
transition state was proposed in which there is partial positive 


charge on the carbon of the reacting C-H bond(2) : 


Oars: palit + 5C-CX,H 
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where CX, represents a halogenated singlet carbene. Analogously for 
carbyne reactions, the same polarized transition state could explain 
the preference of CCl and CBr for tertiary C-H bonds. 

:CX + SC-H ~ scan “= = C-CHX 

Ten 
X 

For the reaction of CCl with silanes, it was found that the reac- 
tivity of the Si-H bond is in the order tertiary >secondary > primary 
which was explained by the above insertion reaction mechanisms (54). 

The rate constant equation determined for the reaction of CBr with 
isobutane is k,= 2 x Sin ets (=3,9/RT). The Arrhenius plot (fig ITI-21b) 
did not indicate that the reaction with the primary C-H bonds became 
important at higher temperature. Therefore the activation energy for 
reaction with the primary C-H bond should be at least 2-3 kcal Nolen: 
higher. 

This is the only insertion reaction of a carbyne for which activa- 
tion parameters have been determined to date. Activation parameters and 
rate constants are not available for insertion reactions of the more 


widely investigated carbenes with the exception of methylene. 


D. Reaction of Halomethylidynes with Alkenes 


The experimentally determined rate constants for the reaction of 
CF, CC¥ and CBr with alkenes are listed in the Table IV-1. The reactiv- 
ity of all three halomethylidynes follows an electrophilic trend, that is, 


the rate constants increase with increasing alkyl substitution on the 
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Table IV-1. 


Substrate 


Ethylene 
Propylene 
1-Butene 
t-2-Butene 


2-methyl - 
2-propene 


2-methyl - 
2-butene 


2,3-dimethyl- 
2-butene 


cyclohexene 
1 ,3-cyclohexadiene 


1 ,4-cyclohexadiene 


143 


Rate Constants for Reactions of Methylidyne 
and Halomethylidynes with Alkenes. 
ky x Or eabeteeen 
CH ore Gls CBr” 
a 
aot ° , 0.04 40.01 0.16 £0.01 0.52 + 0.02 
130 +50 
ON 3y2=0s | TLIOStVOM 3.002.082 
O42) 05] yest OL B25ute0e3 
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3.1 + 0.24 
1.4 + 0.24 
3.7 + 0.24 


a - ref. 83 

b - ref. 79 

c - this work 
d - ref. 54b 
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olefinic double bond. Since the rate constants for the reactions of CCI 
and CBr with alkanes are very low (Table I-6, Table III-10), one can 
conclude that the reactions of halomethylidynes with C-H bonds are 
not responsible for the high rate constants observed and therefore the 
reactivity trend is due to the interaction of the halomethylidyne with 
the olefinic double bond. The measured rate constants for the reactions 
of CCl can be compared to previously reported values (see Table I-6). 
The rate constant for ethylene is in good agreement with Wampler's value 
while Tyerman's value is 2 times higher. Tyerman's values are two times 
higher for propylene and three to four times higher for trans-2-butene 
and iso-butene. The rate constants for CBr may also be compared to 
previous results (see Table I-8). The rate constants are in good agree- 
ment with the values for ethylene and t-2-butene determined by Strausz 
et al. while their other values are: propylene, 2 times higher; 1-butene, 
3 times higher and 2,3 dimethyl-2-butene, 2 times lower than the values 
determined here. In this regard it must be pointed that the rate 
constants for the reaction of CBr with ethylene, t-2-butene and 2,3 
dimethy1-2-butene were redetermined in the temperature studies and while 
there is good agreement for ethylene, the rate constants for the reaction 
with t-2-butene and 2,3 dimethyl-2-butene are significantly higher (see 
Tables III-8, III-10). This discrepancy is possibly due to photolysis 
of the olefin since the wavelength cutoff was different in the two 
studies (quartz photolysis , A > 200 nm, photolysis with ethylene glycol 
filter, A > 220nm). 

From Table IV-1 the rate constant for the reaction of CH with 


ethylene is 200 times faster than that for CBr, 625 times faster than 
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that for CCl and 2500 times faster than that for CF. This is exactly 
the trend predicted from the molecular orbital description of carbynes. 
Donation of the halogen lone pair electons through the delocalized mol- 
ecular orbital reduces the electrophilic reactivity of the carbyne. 
Methylidyne, CH, has only one electron in the wm orbital resulting in 

a greater reactivity than the halomethylidynes which have four electrons 
in the bonding 7 orbitals. The reactivity trend between halomethyli- 
dynes is due to the better overlap between the carbon 2p orbital with 
the fluorine 2p orbital than with the 3p and 4p orbitals of chlorine 
and bromine, respectively. This results in greater delocalization of 
the T orbital following the series CF > CCl > CBr. Therefore the 
reactivity trend is related to the trend in the bond energies ,D, (CX)= 
bh en81 p75 ikcal noveet for X= Fy Chy Bre ‘respectively. *\These 
observations lead to the conclusion that the main factor influencing 
the reactivity of carbynes is the electron occupancy and delocalization 
of the bonding 7 orbital. 

Now the observation that the reactivity of halomethylidynes with 
alkenes increases with alkyl substitution shows that carbynes are 
electrophilic reagents and that the reaction proceeds by electron dona- 
tion of the alkene ™ electrons to the halomethylidyne. 

Jed 
oe 
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Therefore, it would be expected that as for other electrophilic 
addition reactions, a correlation exists between log ko and ionization 


potential of the olefin. This linear correlation exists for all three 
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halomethylidynes as shown in Fig. IV-1,2,3. For CBr, the rate constant 
for 2,3-dimethyl-2-butene may be considered to deviate from the linear 
correlation. This deviation may be due to the photolysis of 2,3- 
dimethyl-2-butene, however the rate constant for reaction between CC] 
and 2,3-dimethyl-2-butene does not appear to deviate from the linear 
correlation,so therefore the deviation for CBr may be result of steric 
factors influencing the reaction and not an experimental artifact. The 
experimental rate constants for reaction of CBr and CCl with 2,3- 
dimethyl-2-butene are relatively uncertain due to significant scatter in 
the data (see Fig III-19d). The reported value for the rate constant 
for the reaction of CCl with 1,3 cyclohexadiene deviates significantly 
from the log ko vs I.P. correlation. This may be a result of the exper- 
imental conditions or the effect of conjugation of the 7 system. It must 
be pointed out that these linear free energy correlations must be used 
with caution and may be valid only for a single structural series since 
conjugated olefins may not correlate with monolefins. For example for 
the reaction of s (3p) with unsaturates, the measured activation energy 
for reaction with 1,3-butadiene was higher than that expected from the 
jonization potential (161). 

It should be mentioned that electrophilic reactivity has been shown 
in numerous cases to be caused by variations in the activation energy of 
the reaction rate constant. Therefore a more meaningful correlation has 
the form E. vs I.P. which translates into log k, vs I.P. only if the 
preexponential factors within the series have constant values. 

The reactivity trend with alkyl substituted alkenes firmly 


establishes halomethylidynes as electrophilic reagents and therefore puts 
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Fig. IV-1. Log k, vs Ionization Potential of Alkene for 


Reaction of CF with Alkenes. 
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Fig. IV-2. Log ky vs Ionization Potential of Alkene for 


Reaction of CCl with Alkenes. 
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Reaction of CBr with Alkenes. 
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them in the same category as a number of other reactive species. These 
include carbenes, Group VIA atoms, halomethyl radicals and various 
other radicals such as Br(<P), NF» OH(X211) and c4('25). This group 
contains two types of radicals, one electron deficient species such as 
halomethy] radicals, Br, NF. and OH and two electron deficient species 
Such as carbenes and Group VIA atoms. It is naturally of interest to 
determine whether these electrophilic radicals react with alkenes via 
similar or different mechanisms and how the reaction of three electron 
deficient halomethylidynes would compare. Therefore it will be instruct- 
ive to review the currently accepted theories of these reactions to 
obtain further insight on the halomethylidyne reaction. 

Carbene reactions will be summarized first. The characteristic 
reaction of carbenes with alkenes is addition to yield cyclopropanes. 
Singlet methylene adds to double bonds in a stereospecific mechanism 
and triplet methylene addition is non-stereospecific (60). The obser- 
vation of electrophilic, stereospecific addition of dihalomethylenes 
to alkenes led to the deduction of singlet ground state for the dihalo- 
methylenes (166). The electrophilicity of their addition to alkenes 
was represented by the imposition of a positive charge on the alkenic 


carbons in the intermediate complex or transition state. 
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That neither structure I nor II has overriding importance is recognized 
by the fact that isobutene has roughly the same reactivity as cis and 


trans-2-butene. Therefore the generalized transition state for singlet 
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carbene addition to olefins is represented as a loose charge transfer 
Structure dominated by the interaction of the alkenic -7 bond with the 


empty p orbital of the carbene. 
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Carbene substituents will affect the alkene addition in two ways. 


First, stabilization of the carbene by resonance structures shown below 
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will change the reaction eeyinaieac ata Second, the substituentwill affect 
the energy and position of the transition state along the reaction coor- 
dinate. The reaction coordinate is suggested by calculations to consist 
of a two phase approach (167). The approach to alkenes occurs in an 
electrophilic fashion ( tapproach) maximizing overlap between the filled 

nm orbital of the alkene with the vacant p orbital of the carbene. Ab 
initio calculations indicate that the carbene first approaches the center 
of the bond and only later veers towards one carbon (167). In all cal- 
culated transition states the carbene is off center. At shorter distances, 
the carbene moves towards one of the ethylene carbons in a so called 
‘nucleophilic’ phase in which the carbene lone pair becomes involved in 


bonding (o approach). It is suggested that unselective carbenes have 
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'early' (m approach) transition states of low energy because the 
carbene is only slightly stabilized by the substituents while selective 
carbenes have 'late' (off center o approach) transition states of 
higher energy because the carbene is significantly stabilized by the 
substituents (167). 

It is obvious that these features of singlet carbene addition to 
alkenes are very similar to the measured reactivities of halomethylidynes 
with alkenes. Therefore it is expected that halomethylidynes add to 
alkenes in a stereospecific mechanism to yield the cyclopropyl radical as 


the primary product. The reaction 


“CX + CsH ae eC H 
24 Z 
ae 
C- 
X 
is expected to be highly exothermic. However, the AH, values of the 
halocyclopropyl radicals are unknown so the reaction exothermicities 
cannot be calculated. Nevertheless, the halocyclopropyl radicals formed 
are expected to be highly excited and may undergo rearrangements and 


decompositions. This is illustrated below for the reaction of CF with 


ethylene. 
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In the photolysis of mercury bisdiazoacetate, the cyclopropyl] 


radicals formed were reported to come from the carbethoxymethylidyne 


ok Bethe fit hea 


why caugoet Ane Fi, 
inatae atria 2 ™ $1 f dus wt pest hase aie i ee a 2 yf i 7 is tt 
to eadipde + ) 1asH99 Ho), ‘ma me 
sit gf bet aay vfeoust ene at ensdas> orld seussed itiak 
i —(NBEY as 


} oat a aa Ss 


2 ni 1b eat oe rahe 1 jineictne’ azuit dott avotvde its 
anyiiitved sated te 2 sata ivEaasan Witton anit of vet inte et +18 2 
+ ht, eshte ofan tt batagqxe 2 ti, svoRereAT 

: mi ed) og. bring a ha bake an atttoagaostate 5 nt e 


‘Reba aa Samed A "i 


2g Ma De r% 


er x * 
yr : i = Peas 
y * 


. ~ 


ott To agud qe git only dil rere “ult bp pe 
cer tiotimeditata noligesy att oe woe ove atiotbes., 


| tae As i ~e = : : 


are 


SNe 2aaRepNeine* ata (Ente bne barton ‘ean ed oo te 
Atty 10 Yo nokvoney ott wt sated Sonett tt at ahaT 


aN 


bameet 2lnothey hyipag + noah en re 2 : 


{4 


lboHo~ aH 


153 


addition and this addition was stereospecific as is expected for 
carbyne reactions (95). 

In a further analogy to singlet carbenes, the large reaction 
exothermicity for halomethylidyne addition to alkenes should result in 
early ( T™ approach) transition states of low energy. Stabilization of 
the carbyne by the halogen substituent would result in higher activation 
energies for the reaction suggesting that the measured rate constants 
decrease in the order CBr > CC1 > CF due to increasing activation energy. 
Therefore, the generalized transition state for the addition of halo- 


methylidynes to alkenes can be drawn as follows. 
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The correlation between log ko and alkene ionization potential 


is evidence for this transition state. This correlation also exists 


35) 


for the reaction of singlet carbenes, triplet oxygen and sulfur, 0( 
and 5 (3p) and hydroxyl radical, OH(Xx2m), with alkenes. 

Triplet oxygen atoms react with olefins to give the epoxide and its 
isomeric carbonyl structures, aldehydes and ketones in varying propor- 
tions as well as some fragmentation depending on experimental conditions 


(168), These rearrangements are due to the thermochemistry. Oxygen 


forms strong single and double bonds resulting in a large exothermicity 


for the reaction. 
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Triplet sulfur reactions result in only one product, the episulfide 
(169). This is due to the weaker bonding properties of sulfur resulting 
in an exothermic reaction of smaller magnitude. 

The addition of triplet sulfur to olefins was found to be completely 
sterospecific while the stereospecificity of the oxygen reaction was 
found to be temperature dependent. Determination of the activation para- 
meters showed the change in activation energy was responsible for the 
electrophilic trend and these activation energies could be correlated 
with the alkene ionization potential (169,170). 

Therefore the reactivities of triplet oxygen and sulfur atoms with 
alkenes are characterized by the same features as singlet carbene 
reactions. For oxygen and sulfur additions, the accepted mechanism is 
that the triplet atom + alkene reactants correlate with the triplet 
excited state of the product epoxide and episulfide respectively in an 


exothermic reaction. The transition state can be drawn as below 
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For carbenes, it was suggested that substituent stabilization was 
the major factor influencing reactivity by variations in the activation 
energy. For 0(3p) and s (7p) additions, the experimentally determined 
activation energies are very close (1.4 kcal nolenn for oxygen and 1.6 
kcal mole! for sulfur addition to ethylene) (170,171). These low 


values of the activation energies imply ‘early' (7 approach) transition 
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States. 

The hydroxyl radical, OH(x°n), reacts with alkenes predominantly 
via addition to form the radical adduct. Absolute rate constants 
follow anelectrophilic trend and the experimentally determined activa- 
tion parameters indicate the activation energy to be constant, ~ -1.0 
kcal mole, for all olefins studied and the preexponential factors 
increase to account for the electrophilic reactivity (172). These 
measurements are at variance with the observation that activation energy 
changes account for electrophilic reactivity. 

There are two important features of the electrophilic reactivity 
of OH. First, the hydroxyl radical reaction rate constant with ethylene 
is found to be pressure dependent while for 0(°p) no pressure dependence 
is found (172). The reason for this is due to the thermochemistry of 
the reaction systems. For o(°P), the highly energetic addition products 
can fragment to products other than the initial reactants or be collis- 
jonally stabilized whereas for OH(x¢T), fragmentation of the adduct to 
products other than the initial reactants is thermochemically unfavorable 
and collisional stabilization of the adduct competes with decomposition 
back to initial reactants. For 0(3p) reactions the effect of pressure 
is to alter the product distribution while for OH(X“T) the effect of 
pressure is to alter the reaction rate constant. The second feature 
is that the high pressure limit room temperature rate constants for 
OH (X21) reactions with alkenes are significantly higher than the 
corresponding 6(3p) reactions (173). The reason for this is the differ- 
ence in the activation energy. This suggests that the reaction mechan- 


. 3 
ism for OH addition to alkenes differs from that of O(~P), 
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The effect of these features on the halomethylidyne reactivity 
must be assessed. The reaction rate constants were all determined at 
the same pressure and the effect of pressure was not measured. Perhaps 
the differences in rate constants between the halomethylidynes are due 
to different pressure dependencies. This explanation can be discounted 
for two reasons. First, the measured rate constant for the reaction of 
CCl with ethylene agrees very closely with the value reported by Wampler 
et al (127) who observed no pressure dependence between 5 and 100 torr 
of Argon. Second the relative reactivities of CF, CCl and CBr remain 
approximately the same for five alkenes. It was found that the OH 
reaction with propylene and higher alkenes had no pressure dependence 
(172). 

It was suggested that the increase in rate constant between CF, 
CCl and CBr for the reaction with alkenes was due to the increase in 
the stability of the halomethylidyne causing the activation energy to 
decrease. Therefore tne investigation of the activation parameters of 


the reactions of halomethylidynes with alkenes was undertaken. 


E. Temperature Dependence of the Reactivity of CBr with Alkenes 


The activation parameters have been measured for the reaction of 
CBr with isobutane, ethylene, trans-2-butene and 2,3 dimethyl -2-butene. 
The data for the alkene reactions are listed in Table IV-2 along with 
other rate parameters for similar radical additions to alkenes. 

The values of the rate constants for iso-butane suggest that 
reaction of CBr with the C-H bond in alkenes is unimportant for all 


temperatures and the activation parameters determined for alkenes are 
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Table IV-2. Activation Parameters for Radical Addition to Alkenes* 
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for the reaction with the 7 bond. The main features for this reaction 
are a negative activation energy for all three alkenes and curvature 
in the Arrhenius plot for 2,3-dimethyl-2-butene (see Fig III- 22a) 

Negative activation energies for a gas phase bimolecular reaction 
were first determined for the reaction of Tal P) with 2,3 dimethyl-2- 
butene (175). Activation parameters determined for the reaction of 
0(°p) and s(p) with alkenes show that the activation energies become 
negative when the ionization potential of the alkene becomes low enough 
(170). For the reaction of OH (xm) with alkenes, all activation ener- 
gies determined are negative (172). There have been various explanations 
given for this phenomenon of negative activation energy. 

The explanation for the negative temperature dependence of the 
reactions of Group VI Aatoms with some alkenes was considered in terms 
of crossing of potential energy surfaces. It was proposed that the atom 
and olefin initially approach on a potential energy surface with a 
Shallow minimum. The repulsive part of this surface intersects with an 
attractive potential surface and the rate of the reaction would be 
determined by the following parameters: 

a) the position of the intersection of the two surfaces relative 

to the zero level of the separated reactants; 

b) the number of internal degrees of freedom in the reaction 

complex; 

c) the temperature dependent probability of crossing of the 

system between the two surfaces. 

The positive temperature dependence of the ethylene reaction can 


be explained by a crossing occurring at an energy above that of the 
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the separated reactants and the negative temperature dependence of the 
2,3-dimethyl-2-butene reaction, by a crossing at an energy below that 

of the seperated reactants. This is qualitatively illustrated in Fig. IV-4. 

Another possible interpretation of the phenomenon has been 

offered based upon transition state theory (172). The radical addition 

to alkenes is viewed as a bimolecular process with zero or near zero 
activation energy. In this case, the temperature dependence of the rate 
constant is determined by the temperature dependence of the preexponen- 


tial factor which is given from transition state theory by, 


Q? 
hie oa (<1) R-alkene 
A.0 Q 
alkene “*R 
where tT 1s the transmission coefficient 
of is the frequency factor 


Q is the partition function 


R is the radical 


For the reaction of the hydroxyl radical with alkenes, the 


preexponential factor becomes, 


+ 
Qou_ : 
A cubetl OH-alkene eo 3/2 


Q 


alkene 


because for the OH radical the vibrational partition function will be 
approximately unity over the temperature range studied and the trans- 
Jational and rotational partition functions have temperature depend- 


ae and ia respectively. Hence, if the ratio of the partition 


encies of T 
function of the transition state over the partition function of the 


+ ; nue 
alkene s(Qo_aqrene/Qatkene)? is temperature independent, then A varie 
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qole For zero activation energy, the rate constants will also vary 


o/c 


as T as 1S experimentally determined over a temperarure range of 
297-425°K for the reactions of OH(x2m1) with alkenes (172). The assump- 
taonror -( ghia ue oe ae being temperature independent implies a 
very loose transition state. 

However, for the reactions of 0(3p) with alkenes, more thorough 
and detailed studies based on the same approach did not support the 
above explanation (176). It was shown that inclusion of two new vibra- 
tional frequencies, due to the oxygen-alkene bond, in the partition 
function of the transition state could account for some, but not all, 
of the features of the Arrhenius plots. In particular a negative acti- 
vation energy had to be invoked for the 0(°P) + 2,3-dimethyl-2-butene 
reaction. 

There is now a widely accepted interpretation for the phenomenon 
of negative temperature dependence for bimolecular reactions, which is, 
that the reaction under investigation is multistep and involves at least 
one intermediate that possesses at least two channels for reaction(174, 
176,177). The possible mechanism for radical addition to alkenes can 


be written as follows. 


k k 
R + alkene =———* intermediate pe tc products 
-] 


If it is assumed that there is an equilibrium between the reactants 
and the intermediate and that the second step is the rate determining 


step, then the observed rate is; 


kK. kK 
~ a[R] - —— [R] Lalkene] 
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and the observed activation energy is E bs = Ey + E. ~ Ea If Ey 1s 
considered to be zero, then a negative activation energy arises when 
Ei 
This is a simplified kinetic description of the surface crossing 


mechanism illustrated in Fig. IV-4. The energy barriers can be drawn 


on these curves to show the relationship as below. 


To satisfy the relations, k_,>>k, and E_,> Eo, the relationship 
between the A factors must be A_, >> A. The transition state to form 
the products, point C, must be more constrained than the configuration 
of reactants at point D. However for the reaction of singlet carbenes, 
halomethylidynes, Group VIA atoms and the hydroxyl radical with 

alkenes, the transition state is concluded to be loose resulting in high 
A factors. Therefore, in order to satisfy the relation Ad >> Aas Aj 
must be very high, close to the collisional frequency. Also the rate 


constant to form the intermediate complex, k,,must be close to the 
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collision frequency. 

This kinetic description can also be used to explain the observed 
Curvature in the Arrhenius plot for the reaction of CBr with 2,3-dimethy] 
-2-butene which has also been observed for the reaction of phenylchloro- 
carbene with the same alkene in solution(174).In solution the rate 
constant kK was equated to the diffusion constant which could be cal- 
culated. At high temperature in this mechanism, k. is the rate deter- 
mining step and a negative temperature dependence will be observed. 
However, if the temperature decreases sufficiently, the diffusion rate 
constant, Ky > will become the rate determining step and since it has a 
positive temperature dependence, curvature in the Arrhenius plot will 
result. 

The same idea can be applied with some modification to the 
reaction of CBr with 2,3-dimethyl-2-butene in the gas phase. The rate 
constant, ky» can be calculated by assuming a certain fraction of 


collisions result in the intermediate complex. The equation for kK, 1S 


F Sig Teahh/2 
ky = poo L{ TU ) 
where p = steric factor L = Avogadro constant 
Oo = collision cross section uw = reduced mass of reactants 
K = Boltzmann constant 


The value of kK, will depend upon the value for po, the reactive cross 
section. By choosing an appropriate value for po, a temperature 
dependence for ky can be calculated which fits the experimental 


Arrhenius curve at low temperature. In other words the observed rate 
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constant Ko hed? iS approximated by ky at a sufficiently low temperature 
as shown in Fig. IV-5. In this figure ky was calculated using po = 
0.16 nm? , From this value p may be obtained since the collision cross 
section can be calculated by using rough estimates for the molecular 
diameter of CBr and 2,3-dimethyl-2-butene; R(CBr) = 0.40 nm and R(C.H, >) 
= 0.60 nm (178). From this calculation a steric factor p= 0.05 is 
calculated. 

The nature of the carbyne/alkene intermediate is not revealed by 
the kinetics however. A structure that is consistent with the proposed 
reaction mechanism is one in which the 7 electrons of the alkene 
interact with the ® gorbital of the carbyne resulting in the formation 
of a loose charge-transfer complex. 

In summary the negative temperature dependence of the reaction 
of bromomethylidyne with alkenes is postulated to be due to the forma- 
tion of an intermediate complex which via curve crossing will convert 
to products. These complexes are very weakly bound and of the charge 
transfer type. This kinetic model is in agreement with the suggested 
reaction mechanism for the addition of halomethylidynes to alkenes via 
loose ('T approach') transition states. Ab initio calculations on 
the reaction of CH with ethylene suggested asymmetric addition would 


proceed with zero activation energy (179). 


F. Reaction of CBr with Alkynes 


The rate constants determined for the reaction of CBr with alkynes 


3 


are listed inlTableIV-3 along with values for CH, CCl, 0(>p), S(~P) and 


OH. It is seen from this table that the reagents CBr (x¢ TI is cc1(x°n Ne 
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Table IV-3. Rate Constants for the Reactions of Radicals with Alkynes 


Substrate ko fe 10" N' sec"! 
cH(x*n)® ccr(x2ny® —cBr(x2n)® o(3p) (3) ont x2) 
Ree ene Ce eee 20081: 0.007 0.079" 0r2340.05 0.41 
A45+7 Oslel 40'..0) 
Acetylene-d, 0.07+0.02 0.0947 0.23+0.03 
Propyne 28090 Saip5d 4,820.6 = 0.549 4.810.2 0.57 
1-Butyne 2472035 Ga ehel a2!) 403134002 
2-Butyne 18+3 2445 180 tymnk6 <2 
1-Pentyne Aes Gu? 3.62038 
2-Pentyne 2524 20+3 18+3 
a a 2.4+0.3 
2ST ANAS SINE Fa 9.741.6 
3-hexyne 
2-Butyne-F, 0.020+0.002 0.21+0.04 
arhaine fre 129 gcaoref. 0182 
b - ref. 83 h - ref. 183 
c - ref. 53,54b i - ref. 184,185 
d - ref. 56 j - ref. 186 
e - this work Kkennef anlv2 
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o(°P) and s(3p) exhibit a distinct electrophilic character in the sense 
that their reactivity increases with the number of alkyl substituents 
and decreases with fluoroalkyl substituents attached to the acetylinic 
carbon. Comparison of the rate constant for reaction with acetylene 
for CH, CCl and CBr shows that the CH reaction is 2 to 3 orders of 
magnitude faster than those of CCl and CBr. This is the expected 
pattern in reactivity based upon the previous discussion of the 
electrophilicity of carbynes and parallels the trend observed for the 
reaction with etnylene. For all alkenes CBr was found to be more 
reactive than CCl (see Table IV-3). For alkynes this trend seems only 
to hold for less substituted substrates. The more substituted alkynes 
do not seem to be able to discriminate between CCl and CBr. 

Auglot of log k» Vs ionization potential of the alkynes for CCl 
and CBr shows a good linear correlation providing additional evidence 
for the electrophilic nature of these reactions(Figs.IV-6,7).The values 
for 2,2,5,5 -tetramethyl-3-hexyne clearly deviate from the linear corre- 
lation for both CCl and CBr. This effect may be caused by steric hind- 
rance or photolysis of the alkyne as discussed before. However the 
evidence from the alkene reactions and activation parameters suggests 
that steric hindrance causes the deviation. 

A comparison between the reactivities of CCl and CBr with alkynes 
and alkenes reveals that, in general, alkynes appear to be somewhat 
more reactive than alkenes with the exception of acetylene which 
js 5-6 times less reactive than ethylene towards CCl and CBr. Determ- 
(3 


ination of the activation parameters of the reactions of 0(>p), S(~P) and 


oH (x“r) reactions with alkenes and alkynes shows that both the 
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Fig. IV-6. Log kK, vs Ionization Potential of Alkyne for 


Reaction of CBr with Alkynes. 
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Pig. IV-7aLog Ko vs Ionization Potential of Alkyne for 
Reaction of CCl with Alkynes. (ref. 53) 
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activation energy and A factors increase for alkynes compared to alkenes 
(186,172). The increase in the activation energy iS proposed to be due 
to the ionization potential differences of the substrates (169). The 
increase in the A factors was attributed to the gain of entropy in 
going from a linear acetyl€nic molecule to a non-linear activated com- 
plex (186). Alkynes react more slowly than alkenes with o(3p), s(3p) 
and OH(X¢I1), therefore the increase in activation energy is the dominant 
factor influencing these reactions. By analogy it is proposed that an 
increase in activation energy is responsible for the lower reactivity 
of CCl and CBr towards acetylene compared to ethylene whereas an 
increase in A factors accounts for the greater reactivity of substituted 
alkynes compared to alkenes. 
The reaction products of halomethylidynes with alkynes are 
expected to be similar to those postulated for the alkene reaction. 
The reaction should yield the cyclopropenyl radical which may rearrange 
to the allenyl radical. 
R-C=C-R + :CX + R-C = COR 
C 
X 
~ PoC -c-CxR 
The transition state is proposed to be similar to that of addition to 


alkenes as shown below. 


R-C = C-R R-C = C-R 
Sa ee > —- eae f 
-C:- =iibic 
Z \ 

X X 


The lower reactivity of acetylene can be explained by noting that this 


transition state has unfavorable vinyl cation character. 
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Singlet carbenes undergo electrophilic concerted addition to 
acetylenes to form the cyclopropenes and relative reactivity studies 
indicate that cycloaddition to alkenes is favored over the alkyne 
reaction (2). This observation reinforces the carbene-carbyne relation- 
ship. “For the reactions with alkynes, 0 (3p) and s (7p) are postulated 
to have unique reaction mechanisms involving the formation of triplet 


carbenes as the primary products. For oxygen the reaction 


0 

« I 
0(3p) + R-C =C-R _- R-C-C-R (T,) 
SPR -aer = R-C-C-R pas, 


products are COQ, alkenes and unsaturated ketones formed in pressure 
dependent yields as well as polymer (187,188). For sulphur the reaction 
products are carbon disulphide, benzene and thiophene derivatives as 


well as polymer (186). 
G. Absorption Spectra of SiCI, and SiBr, 


1) Dichlorosilytene , SiCl, 
The absorption spectrum shown in Fig III-24 and assigned to 
SiC1, is a broad band with vibrational structure and an absorption 
maximum at 317 nm. Previously observed absorption bands, recorded at 
high temperature (133) and in a low temperature matrix (134), were 
structureless with the same absorption maximum. The emission spectrum 
of SiCl, was reported to occur from the discharge through Sicl, (125). 


This emission spectrum was structured and reported to result from 
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emission from two upper states of SiCI,. The energies of these two upper 


states were given as 29952 and 28295 cm above the ground state, Une 


The upper state at 29952 on™ is thought to be B, (23) the 


vibrational analysis of this transition, "B, > oe seen in the emission 


spectrum, gave the following vibrational frequencies. 
" 2/640/cn fe ALS ci 


248 ce vee 201 Gee 
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However these values for the ground state vibrational frequencies do not 


agree well with infrared spectrum of matrix isolated SiCl, which gave 


i] 1 


Vv, = 513 cm” and V¥, = 202 cm (134,135), 


GC 
The spectrum of SiC], observed in this work is easily analyzed 


in terms of a single progression with an interval of 148.cm7!. Based 
on the observation that the absorption spectra of cF.(31), CBr. (189), 


SiF, (132), GeF. ( 7 (191) and SnF, (192) are all dominated by a 


190), GeCl 
progression in Vo» the measured interval of 148 cn is assigned to 


1 
the bending frequency, Vo > of the upper state, AB Numerical 
assignment of each level is not possible without further information. 
However a tentative assignment of each vibrational transition may be 


made by analogy. For the above mentioned Group IVA dihalides, the 
i] 


most intense absorption occurs for the transition to er 5 level for 
! 1 
CF. and SIF 5s to the ali 9 level for GeCl, and GeF,, and to the ae 6 


level for SnF 5 Therefore the most intense absorption band observed in 


this work for SiCl, (A= 317.66 nm) is assigned to the "B, (0,8,0) . 


1h 0,0,0) transition with an error of +! in the assignment. This 
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results in an electronic energy of the upper state of SCT, 


is LIS LOU on™? 


2) Dibromosilylene, SiBr, 


In the photolysis of SiBry an absorption band occurs in the region 
340-400 nm. Under adiabatic conditions the intensity is high but the 
intensity is strongly quenched upon addition of buffer gas. The spec- 
trum does not correspond to the known spectra of SiBr or Br. The 
electronic absorption spectra of SiBr3 and SiBr, are unknown and it is 
probable that the absorption is due to one of these species. The 
absorption spectrum observed in this work is assigned to the = - ee 
transition of SiBr, based upon analogy with the observed spectra of Group 
IV A difluorides and dichlorides other than carbon (see Table IV-4). 
The electronic energies ofthe upper states of Si, Ge, Sn and Pb difluor- 
ides have roughly the same value and this relationship occurs for the 
analogous dichlorides as well. Therefore it is postulated that the 
electronic energies of the upper EN states of Si, Ge, Sn and Pb 
dibromides are approximately equal. The observation of an absorption 


: (193) agrees very well with the value of 


for SnBr, at 27400 cm 
27600 cm”! observed in this work for SiBro. 

The only report on the electronic spectrum of SiBr, in the 
literature mentions that an emission in 425-595 nm region from a glow 
discharge in SiBry vapor may be due to the SiBr, spectrum (194). 
Vibrational analysis of this system gave ground state stretching and 


bending frequencies of 425 and 120 cm which is in reasonable agree- 


ment with the assignments from the infrared spectrum of matrix isolated 
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Table IV-4. Electronic Transitions and Vibrational 


(cm!) 


Group IVA Dihalides. 


uplectite B- A, Bas A 


CF, 36878 

ccly 17093 

CBr, 14962 

SiF, 44109  —- 26310 
SiCl, 30295° 22900 
SiBr, 276009? 20400 
GeF., 43843 

GeCl, 30969 —«-22700 
GeBr,, 

nF, 40741 

sncl, 31055° 22237 
snBr, 27400" 

PbF, 40560 

PbC1, 31000? 

PbBr,, 


eee 


855 


402 


286 


240 


319 
200 


120 


263 
162 
TO 


180 
120 
83 


145 
103 
64 


a - assigned from this work 


400 


276 


228 


296 


468 


Frequencies of 


186 588 


164 
79 


120 


105 


Ref. 


189 
189 
189 


iis 
23 


135,194 


eo) 
191 
196 


192 
ike 
193,197 


b - energy calculated from band maximum not band origin 


c - vibrational frequency of Be state 
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SiBr, (195). Moreover emission has been observed from SiC] GeCl 


S 


2 fa 
and SnCl. species which is assigned to a B, - “Ay transition (1/1), 
Therefore it is possible that the reported emission is due to the 


3 1 Pom ’ 
By - Ay transition of SiBr,. 


H. The Photochemistry of Halogenated Silanes 


There is a complete analogy between the electronic transitions of 
Silanes and alkanes concerning the originating orbitals as well as the 
orbitals associated with the excited electron in the lower excited 
states. Therefore the ultraviolet absorptions of alkyl and fluorine 
Substituted silanes are due to transitions from a bonding © orbital 
to intermediate type Rydberg orbitals and there is no evidence for the 
involvement of 3d orbitals (199). For chlorosilanes, the lone pair 
electrons of the substituent chlorine have atomic orbital energies 
sufficiently close to those of the silicon 3d atomic orbitals so that 
there is partial loss of lone pair character and gain in bOnding 
character of the highest occupied orbital. This is the reason for the 
increase in bond strength in passing from carbon to the silicon com- 
pounds. The UV band of lowest frequency in alkyl chlorides is known 
to be n on where the 6 orbital is antibonding in the C-Cl bond (199). 
On the basis of the above argument this band in chlorosilanes o «(pr) 

is expected to move to higher frequencies. However, this band is 
not found and most of the bands in these spectra can be attributed as 
being due to transitions to intermediate Rydberg - valence shell type 


excited states (199). Therefore the flash photolysis of SiBr, should 
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result in excitation to these states which could then dissociate in two 
ways, bond dissociation and molecular elimination. 
AH (kcal mole!) 


SiBr + SiBr 


4 +BY 7] 


3 


=e SIBY.. + Br 94 


2 2 


Now in the flash photolysis of SiBYy » the spectra of SiBr and 
SiBr., are observed. For alkanes photolysis results in Rydberg states 
which are found to undergo molecular elimination (60). For halogenated 
methanes, photolysis in the first absorption band is due to a no* 
valence shell transition which results in bond dissociation as dis- 
cussed previously. Therefore photolysis of SIBYy 5 which 1s expected 
to result in an intermediate Rydberg-valence shell type excited state, 
should result in both dissociation and molecular elimination. This 
would be similar to the photolysis of monosilane (124). However, there 
is also the possibility that SiBrS is formed by decomposition of SIBr.. 


The question also arises, as it did for the halogenated 


methanes, as to how the monovalent radical, in this case SiBr, is formed. 


The overall reaction enthalpy is too endothermic, 


SiBr, — SiBr+Br,+Br AH = 182 kcal mole 


to be caused by photolysis with A > 165 nm. Therefore decomposition 
of a vibrationally excited intermediate is ruled out and secondary 


photolysis must occur. Either SiBr. or SB. may be photolyzed 


AH(kcal mole”) Wavelength Requirement 


hy 112 leo Gen 


SiBr, — “SIBrit Br. 
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The wavelength cutoff rules out the possibility that the photolysis of 
SiBrs in the region 340-400 nm results in dissociation. Therefore SiBr 
probably arises from secondary vacuum UV photolysis of SiBr. and/or 


SiBY5. 


The flash photolysis of Si5Cl, results in the absorption spectra 


of SiC] and SiC1,. The thermal decomposition of Sin Cl, results in SiCT, 


and SICI., (200). Therefore it is possible that SiCT, is formed by 
molecular elimination following photolysis. The absorption band in 
polysilanes is due to a o + o* transition (201). The photolysis of 
cyclic and linear permethylated polysilanes results in silylene 


extrusion (141). 


(Me,Si)¢ X= 294 nm (Me,Si)s + :SiMe 


5 72 


However, the photolysis of S15Me¢ only results in silicon - silicon 


bond cleavage (202). It is likely then that the photolysis of Si,C1 


a 


results in two primary processes. 


hv 


eres Cl 


4 
hv 


ne °o hb Gl 


Si,C] 


oCl¢ + S161 


2 
3 


The monovalent silicon radical, SiC], may arise from secondary photo- 
lysis or decomposition of the primary products. The absorption of SiC, 
in the region 300-340 nm will not cause dissociation to form SiC] due 


to insufficient energy. 


] 


SiCl4 + SiC] + Cl. AH = 102 kcal mole Wavelength Requirement 


A < 280 nm 
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In summary, the photochemistry of halogenated silanes is not well 
understood due to lack of experimental detail. The flash photolysis of 
substituted di- and trisilanes appears to offer a method of observing 


the gas phase absorption spectra of substituted silylenes. 
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V. SUMMARY AND CONCLUSIONS 


This research project investigated the reactivity of halo- 
methylidynes by measuring rate constants for reaction with alkenes 
and alkynes using the technique of kinetic spectroscopy, and attempted 
to measure similar rate constants for halosilylidynes. Some new absorp- 
tion spectra were also observed for dihalosilylene radicals. 

The halomethylidynes ,CF,CCl and CBr were generated in sufficient 
concentration for spectroscopic measurements by the flash photolysis 


of the appropriate halogen substituted dibromomethane, CHXBr (X= 


0°? 
F, Cl, Br). One carbon - bromine bond is dissociated upon photolysis 
resulting in a halogenated methyl radical, “CHXBr, which undergoes 
further dissociation resulting in the halomethylidyne radical. This 
secondary dissociation may be caused by excess vibrational excitation 
or secondary photolysis and it is unclear to what extent each process 
contributes to halomethylidyne production. 

The concentration of halomethylidyne radicals was monitored 


by absorption spectroscopy and the decay of the absorption signal was 


found to be first order in the halomethylidyne. 


“A LOX) = k'Ecx] 
dt 


This observation is in agreement with all other investigations of 
carbyne reactivity using a variety of techniques. This pseudo-first 
order decay is believed to be caused by a large excess of radicals 
relative to the halomethylidyne and their decay is relatively slow 
compared to that of the halomethylidyne. Introduction of a reactive 


substrate caused an increase in the pseudo first order decay. Due to 
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the limitations of the flash photolysis - kinetic spectroscopy tech- 
nique, only a small increase in the pseudo- first order decay could be 
measured. From averages of these measurements, the rate constants 
for halomethylidyne reactions could be determined. 
The nature of the reactions of halomethylidynes with alkanes, 
alkenes and alkynes was deduced on the basis of: 
- the variation of the rate constants with substituted alkenes and 
alkynes; 
- the determination of activation parameters for the reactions of 
CBr with alkenes; 


- the reported chemistry of CH and CCO,Et; 


2 
- the prediction that doublet ground state halomethylidynes would 
display chemical properties analogous to singlet ground state 

dihalomethylenes. 

The halomethylidynes, CF, CCl and CBr, are much less reactive 
than methylidyne, CH. This is due to the donation of lone pair elec- 
trons of the halogen to the carbon through the molecular 7 orbital. 

The halomethylidynes are consequently less electrophilic and display 
selectivity in their reactions with alkanes, alkenes and alkynes. 

The reactivity of CCl and CBr with the C-H bond is much less 
than with the unsaturated C-C bond and this same behaviour is predicted 
for CF. The reactivity of CCl and CBr with C-H bonds is in the order 
tertiary > secondary > primary and halomethylidynes are believed to 


insert into C-H bonds via a polarized transition state. 


CXee Cee He Cue CHLHy 
7 A é 


“tat weserbege 2eegth, atau ioisrg aeat? walt. ¥o 2 
afves yvaroh aba San0% <6beser ats ai a2 6anartt inne: 


@ 


ald y 


‘onga oho off ,2aaeaerpktar soe Yo seperavs es 
len (resin od Lb wor anor imager wei 

dis Av Somes ONASMOLEE Fa ener etd te aR. 
7. rr wh on herbed’ age asinite bas 3: 

tutus finwretietene. su6y sii? si a not atray ae nt 

ee anata a 


/ ' wT) 
“giyigteg- satu ijas te ool ihre it~ 


to Pp 

psonadts: eae 

: ‘pt : 

9,507 bred te ytteimeds batvoqst an - 


nuit? Fustone! of oeeSe. Payor Jal duab ‘gun rotates os 


eagan oak! sage WK fad io a 8) iaandstgisanttae ont 
Hig ond Yo stander wile ae oo et comybr Tyan 
fritta » vetugdt om ade. domi Homes ghd od nspo! si ait Yan 
VOTELID Mii 507 Oreo ioShs a3 gat y (Ssaupiabeo’ sd won fteaotad 
«Foss bow conavte, Soneite AP iw #hot doen “had ne wyetio i 
286) yuma? Pad Hey are tiny “gh ot 539.48 tiv irons aoe 7 
Welotieny ah ued wallet 2ng2 sind bit brad )~2 osieiwisany | acc iw Pe a 
adie Seitonr ef minted vf) \ tw NES tine [39 ov sv htaeey 


Gans tas PAL) 2th Hydration nrg « <, oh tre : 
BGS. Creag spebaage <: st ae 


a3 2 raid? onnrd bos 6461 9, 6 ely abroad R= aoe . 


181 


For the reaction of CBr with tertiary C-H bond of 2-methylpropane, the 


-] 


rate constant was determined to be k, = 2 x 10° exp(-3.9/RT) M” sec 


Zs 
The rate constants for the reactions of halomethylidynes with 


epeoaiG, oh) seca. aithe reactivity 


alkenes and alkynes range from 10 
series between halomethylidynes for reaction with alkenes is found to 
pea Ch.< CCl ‘<{CBras Ihioeds expected on the basis of the electron 
donating ability of the halogen and points to the electrophilic nature 
of halomethylidynes. Further evidence for this is provided by the 
observation that the rate constant for alkene reaction increases with 
alkyl substitution for all halomethylidynes and the linear correlation 
between the logarithm of the rate constant and the ionization potential 
of the alkene. Based upon these facts and the well established cyclo- 
addition reaction of dihalomethylenes to alkenes, the reaction of 
halomethylidynes with alkenes is believed to proceed via a polarized, 


acyclic transition state to yield the cyclopropyl radical in a stereo- 


Specific mechanism. 


‘ NEE, 
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IS 


Since these reactions are expected to be very exothermic, the cyclo- 
propyl radical will be excited and may undergo decomposition. It would 
be very useful to determine the products of halomethylidyne reactions 
with alkenes using a clean source source of halomethylidyne to confirm 
this proposed mechanism. 

The rate constants for the reaction of CCl and CBr with alkynes 
are slightly greater than for alkenes, with acetylene displaying 


a lower reactivity. The reactions are electrophilic in nature 
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and therefore the reaction of halomethylidynes with alkynes is 
believed to proceed in the same fashion as with alkenes, that is, via 
a polarized, acyclic transition state to yield a cyclopropenyl radical. 
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The increase in the rate constant with alkyl substitution for 
the reaction of halomethylidynes with double and triple bonds is 
believed to be caused by a decrease in the activation energy for 
addition, as has been demonstrated for other electrophilic radicals. 
The activation parameters for the reaction of CBr with ethylene, trans- 
2-butene and 2,3-dimethyl-2-butene were determined and it was found 
that the activation energies did in fact decrease resulting in larger 
rate constants. However, the activation energies determined were 
negative and the Arrhenius plot for the reaction of CBr with 2,3- 
dimethyl-2-butene was found to be curved. These features are best 
explained by a reaction sequence in which the halomethylidyne and 
alkene form an intermediate, best described as a loose 7 complex, 
which forms the product via a curve crossing at an energy level 
lower than that of the seperated reactants. 

The halosilylidynes, SiC] and SiBr, were observed by absorption 
spectroscopy following the flash photolysis of Si,Cl¢ and SiBYy ; 
respectively, as expected. No rate constants for reaction with 
ethylene could be determined. The absorption spectra of SiCl, and 


SiBr, were also observed in the flash photolysis of the same 


Z 
compounds. The transition for SiCT, was concluded to be 'B-'A, 
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and the vibrational bands were analyzed to give a bending frequency 
in the upper state, Vo" = 148 cm! , by analogy to other absorption 


Spectra of Group IVA dihalides. The electronic energy of the upper 


] 


» was estimated to be 30295 cm . The previously unreported 


] 
electronic absorption spectrum of SB, is assigned to the 'B-'A, 


state, 1B 


transition by analogy to other Group IVA dihalide absorption spectra. 
The absorption band is continuous with a maximum at 362 nm (27600 cm™!), 
The photolysis of appropriately substituted disilanes should provide 


an opportunity to observe silylene electronic absorption spectra. 
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APPENDIX 


The negative deviation from Beer's absorption law is due to the 
narrow ,sharp ,Q, absorption bands of CF,CCl and CBr and the inability 
of the microdensitometer to adequately resolve them. Since the empirical 
Beer correction factors are solely dependent on the operational para- 
meters of the microdensitometer, it is important to detail them. 

The two critical factors for measuring optical density are the 
spectral band width and the scanning speed. 

For the Joyce loeb] Microdensitometer, the effective slit width 
is the width of the final physical aperture divided by the total 
optical magnification. The total optical magnification is that due to 
the objective plus a projection factor of 2.2. The objective lens is a 
Vickers N7221 with a 10/0.25 (x40) magnification. The width of the 
final physical aperture was always 0.40 mm. The effective slit width 
was therefore; 


a PRR IT ae ean Final Physical Aperture Width 
Magnification (Objective x Projection Factor) 


0.40 mm 
AO LX 2.2 


0.0045 mm 


This effective slit width can be combined with the dispersion of the 
spectrograph in any wavelength region to yield the spectral band width. 
The scanning speed is controlled by the speed of the recording 
chart table divided by the setting of the ratio arm which links the 
scanning table to the recording chart table. The recording chart table 


speed was usually 2.0 mm/sec. For the CCl and CBr Qy absorption bands 
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the ratio arm setting was 20 giving a scanning speed of 0.1 mm/sec. 
For the CF absorption bands, the ratio arm setting was 10 giving a 


Scanning speed of 0.2 mm/sec. 
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